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ABSTRACT 
T h i s  i s  a summary r e p o r t  o f  a r e s e a r c h  e f f o r t  r e l a t e d  t o  t h e  human 
v i s u a l   a c c o m m o d a t i o n   s y s t e m .   T h e   f i r s t   y e a r  was devo ted  t o  a t h e o r e t i c a l  
s t u d y  of the  accommodation s y s t e m .  S u b s e q u e n t   e f f o r t  was aimed a t  t h e  
d e v e l o p m e n t  o f  s p e c i a l i z e d  i n s t r u m e n t a t i o n  f o r  e x p e r i m e n t s  d e s i g n e d  t o  
l e a d  t o  u n d e r s t a n d i n g  t h e  n a t u r e  o f  t h e  c o n t r o l  s y s t e m  i n  human accommo- 
d a t i o n .   T h e   n e c e s s a r y   i n s t r u m e n t a t i o n   c o n s i s t e d   p r i m a r i l y   o f  (1) an 
a u t o m a t i c   o p t o m e t e r   t o   m e a s u r e   t h e   s t a t e  of e y e  f o c u s ,  ( 2 )  a f o c u s  
s t i m u l a t o r  d e v i c e  t o  c o n t r o l  t h e  a p p a r e n t  o p t i c a l  d i s t a n c e  t o  a n y  t a r g e t ,  
and (3) a two-dimensional e y e  t r a c k e r .   E a c h   o f   t h e   i n s t r u m e n t s   d e v e l o p e d  
u n d e r   t h i s   p r o g r a m  is n o v e l .   T h e   c o n c e p t s   a n d   d e s i g n s   o f   t h e   f i r s t   t w o  
i n s t r u m e n t s  h a v e  b e e n  p u b l i s h e d  i n  t h e  o p e n  l i t e r a t u r e ,  b u t  t h i s  r e p o r t  
c o n t a i n s  t h e  f i r s t  d e t a i l e d  t r e a t m e n t  o f  t h e  P u r k i n j e  e y e  t r a c k e r  de- 
ve loped  unde r  th i s  p rogram.  
The  r epor t  a l so  d i scusses  an  "accommoda t ion  l ag"  mode l  t o  exp la in  
t h e  a b i l i t y  o f  t h e  e y e  t o  a p p a r e n t l y  know t h e  p o l a r i t y  o f  f o c u s  e r r o r  
e v e n  t h o u g h  t h e  b l u r  o n  t h e  r e t i n a  is t o  a f i r s t - a p p r o x i m a t i o n  a n  " e v e n  
func t ion . "   A l though  w e  were n o t   a b l e   t o   p r o v e   u n e q u i v o c a l l y   t h e   v a l i d i t y  
o f   t h i s   nove l   mode l ,  i t  i s  a p o s s i b l e  e x p l a n a t i o n  of t h i s  a b i l i t y  o f  t h e  
accommodat ion  system.  The  interact ion  of   the  accommodat ion  and e y e  move- 
ment s y s t e m s  is a l s o  d i s c u s s e d  i n  t h i s  r e p o r t ,  a s  i s  t h e  a b i l i t y  t o  t r a i n  
t h e  v i s u a l  a c c o m m o d a t i o n  s y s t e m  t o  a s u r p . r i s i n g l y  r e s p o n s i v e  c o n d i t i o n  
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T h i s  r e p o r t  s u m m a r i z e s  t h e  p a s t  y e a r ' s  s t u d y  o f  t h e  human accommoda- 
t i o n   s y s t e m .   T h e   f i r s t   y e a r ' s   s t u d y  was p r i n c i p a l l y   t h e o r e t i c a l   i n  
n a t u r e ,  a n d  i t  r e s u l t e d  i n  t h e  d e v e l o p m e n t  o f  m o d e l s  f o r  p r o c e s s i n g  t h e  
r e t i n a l  image t o  d e t e r m i n e   t h e   s t a t e   o f  e y e  focus .   Subsequent   work  was 
p r imar i ly  a imed  a t  t h e  d e v e l o p m e n t  o f  s p e c i a l i z e d  i n s t r u m e n t a t i o n  t o  
p u r s u e   t h i s   s t u d y .   T h e   t h r e e  key items o f   i n s t r u m e n t a t i o n  were a n  
a c c u r a t e  e y e  t r a c k e r ,   a n   o c u l a r   f o c u s   s t i m u l a t o r ,   a n d   a n   o p t o m e t e r .  
D e t a i l s  of t h e  o p t o m e t e r  a n d  f o c u s  s t i m u l a t o r  h a v e  b e e n  d e s c r i b e d  i n  
t h e  l i t e r a tu re .  T h e   c u r r e n t   s t a t e   o f   t h e  e y e  t r a c k e r  i s  d i s c u s s e d   i n  
t h i s  r e p o r t ,  
D u r i n g  t h e  p r e v i o u s  y e a r  of t h i s  p r o g r a m  w e  t e s t e d  e x p e r i m e n t a l l y  
a number of h y p o t h e s e s  r e g a r d i n g  human accommoda t ion  and  a r r ived  a t  a 
b a s i c  c o n c e p t i o n  of t h e  c o n t r o l  sys t em,  which i s  d e s c r i b e d  i n  S e c t i o n  
111-A. Al though   t h i s   mode l  may e x p l a i n   t h e   p u z z l i n g   a b i l i t y  of t h e  
accommodation s y s t e m  t o  know t h e  p o l a r i t y  o f  f o c u s  e r r o r  ( a p p a r e n t l y  
w i t h  no obv ious  c u e s  a v a i l a b l e ) ,  e x p e r i m e n t a l  d i f f i c u l t i e s  p r e v e n t e d  u s  
f r o m  b e i n g  a b l e  t o  v e r i f y  f u r t h e r  t h e  a p p l i c a b i l i t y  o f  t h e  m o d e l .  
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I 1  INSTRUMENTATION 
A.  Optometer 
T h e  o p t o m e t e r  t h a t  f i n a l l y  e v o l v e d  i n  t h i s  p r o g r a m  p e r f o r m s  v e r y  
w e l l .  D u r i n g   t h i s  year ,  t h e   e l e c t r o n i c s  were c o m p l e t e l y   r e d e s i g n e d  so 
t h a t   t h e y  are much more  compact.  Also,  an  improvement  of  about 2 t o  1 
i n  t h e  s i g n a l - t o - n o i s e  r a t i o  was achieved ,   main ly  by u s i n g  l a r g e r  l i g h t  
e m i t t i n g   d i o d e s .   T h e   b a s i c   o p t o m e t e r   d e s i g n   w a s   d e s c r i b e d   i n   a n   a r t i c l e  
i n  the  Jou rna l  o f  t he  Op t i ca l  Soc ie ty  o f  Amer ica  en t i t l ed ,  "Se rvo-  
Con t ro l l ed   In f r a red   Op tomete r , "  A p r i l  1970. I t  h a s   a l s o   b e e n   c o v e r e d  
i n  a pa t en t   (No .  3,536,383) en t i t l ed ,   "Au tomat i c   Op tomete r   fo r   Measur ing  
t h e  R e f r a c t i v e  Power  of  the E y e , "  a n d . d e s c r i b e d  i n  NASA T e c h n i c a l  B r i e f  
70-10401 e n t i t l e d ,  " A u t o m a t i c  O p t o m e t e r  O p e r a t e s  w i t h  I n f r a r e d  Tes t  
P a t t e r n .  " 
D u r i n g  t h i s  p a s t  y e a r ,  w e  a l s o  e x p e r i m e n t e d  w i t h  t h e  u s e  o f  a l a s e r  
beam f o r   p u r p o s e s   o f   c a l i b r a t i o n .  One of t h e   m a j o r   d i f f i c u l t i e s   i n   c a l i -  
b r a t i o n  i s  what w e  r e fe r  t o   a s  t h e  "IR s h i f t . "  T h i s  i s  t h e   d i f f e r e n c e  
i n  d i o p t e r s  b e t w e e n  t h e  v i s i b l e  w a v e l e n g t h s  a n d  t h e  wavc leng th   i n   t he  
n e a r  I R  a t  w h i c h   t h e   o p t o m e t e r   w o r k s .   T h i s   s h i f t  i s  composed  of  two 
p a r t s :  a c h r o m a t i c   a b e r r a t i o n   p a r t ,   w h i c h   a c c o u n t s   f o r   a b o u t   t h r e e -  
q u a r t e r s  of a d i o p t e r  s h i f t ,  a n d  a n o t h e r  c o m p o n e n t  t h a t  w e  estimate a t  
be tween  one-ha l f   and   th ree-quar te rs   o f  a d i o p t e r .   T h e   l a t t e r   c o m p o n e n t  
w e  s u s p e c t  d e r i v e s  f r o m  t h e  f a c t  t h a t  t h e  i n f r a r e d  l i g h t  i s  r e f l e c t e d  
from a d i f f e r e n t  l a y e r  o f  t h e  r e t i n a  t h a n  t h e  l i g h t  r e c e p t o r  l a y e r  it- 
S e l f .  A t  t h i s  p o i n t ,  w e  have no i d e a  how c o n s t a n t  t h i s  s h i f t  is  over 
t h e  p o p u l a t i o n .  
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T h e  c a l i b r a t i o n  scheme  worked  reasonably well. F o r   t h i s   p u r p o s e ,  
a s l o w l y  m o v i n g  s u r f a c e  ( e i t h e r  w h i t e  p a p e r  o r  a p a i n t e d  w h i t e  s u r f a c e )  
was p l a c e d  i n  t h e  v i e w i n g  p a t h  a n d  i l l u m i n a t e d  by a low power  neon- 
hel ium laser.  T h e   s u b j e c t  sees a moving s c i n t i l l a t i o n  p a t t e r n  r e s u l t i n g  
f r o m  i n t e r f e r e n c e  e f f e c t s  among t h e  r a y s  r e f l e c t e d  f r o m  t h e  s u r f a c e  o f  
t h e  drum. When t h e   s u b j e c t ' s   v i s u a l   r e c e p t o r   l a y e r  is e x a c t l y   c o n j u g a t e  
w i t h  t h e  s u r f a c e ,  t h e  s c i n t i l l a t i o n s  a p p e a r  t o  move a t  t h e  same speed  
a s   t h e   s u r f a c e ,   w h i c h  is  very   low  (e .g . ,   an   inch  a minute).  However, 
s m a l l  f o c u s  e r r o r s  p r o d u c e  l a r g e  c h a n g e s  i n  t h e  a p p a r e n t  v e l o c i t y  o f  
t h e   p a t t e r n .   W i t h   t h e   s u r f a c e   i m a g e d   i n   f r o n t   o f   t h e   r e c e p t o r   l a y e r ,  
t h e  s c i n t i l l a t i o n  p a t t e r n  moves in  one  d i r ec t ion ,  and  wi th  the  image  
beyond t h e  r e c e p t o r  l a y e r ,  t h e  s c i n t i l l a t i o n s  move i n  t h e  o p p o s i t e  
d i r e c t i o n .   T h u s ,  i t  is r e l a t i v e l y   e a s y   f o r   t h e  s u b j e c t  t o   r e p o r t  when 
h i s   r e c e p t o r s   a r e   c o n j u g a t e   w i t h   t h e   p a p e r   s u r f a c e .  We c a n   t h u s   o b t a i n  
. a n  a b s o l u t e  c a l i b r a t i o n  p o i n t ,  a t  l e a s t  f o r  t h e  w a v e l e n g t h  of t h e  i l l u -  
m i n a t i n g  laser  beam. I n   p r i n c i p l e ,   c h r o m a t i c   a b e r r a t i o n   c u r v e s   c o u l d  
b e  u s e d  t o  c o r r e c t  t h e  c a l i b r a t i o n  f o r  t a r g e t s  i l l u m i n a t e d  w i t h  wave- 
l e n g t h s  o t h e r  t h a n  t h a t  of t h e  l a s e r .  
We would estimate t h a t  t h e  c a l i b r a t i o n  i s  good  probably  to  a few 
t e n t h s   o f  a d i o p t e r .   T h e   m a j o r   d i f f i c u l t y   t h a t  w e  found i s  t h a t  t h e  
s c i n t i l l a t i o n  p a t t e r n  s o m e t i m e s  h a d  a general   "swarming"  appearance 
n e a r   n u l l  so t h a t   t h e   r e g i o n  of n u l l  was n o t   t o o   s h a r p l y   d e f i n e d .  A t  
f i r s t ,  w e  used a s u r f a c e  t h a t  r o t a t e d  a b o u t  a n  a x i s  p a r a l l e l  t o  b u t  
s h i f t e d   f r o m   t h e   v i s u a l   a x i s .   W i t h   t h i s   a r r a n g e m e n t ,   t h e   v e l o c i t y   o f  
t h e  s u r f a c e  was d i f f e r e n t  a t  d i f f e r e n t  r a d i i  f rom the  cen te r  of r o t a -  
t i o n .  We f o u n d  t h a t  t h i s  v a r i a t i o n  i n  s u r f a c e  v e l o c i t y  o v e r  t h e  a r e a  
be ing   v i ewed   aggrava ted   t he   gene ra l   swarming   e f f ec t .   Cons ide rab le  i m -  
provement was achieved by u s i n g  a uni formly  moving  sur face ,  which  w e  
o b t a i n e d  b y  d r i v i n g  a c l o s e d  l o o p  o f  p a p e r  o v e r  a p a i r  o f  s p a c e d  r o l l e r s .  
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Any o p t o m e t e r  t h a t  o p e r a t e s  i n  t h e  i n f r a r e d  ( o r  i n  f a c t  a t  any 
w a v e l e n g t h  o t h e r  t h a n  v i s i b l e  w a v e l e n g t h s )  w i l l  s u f f e r  f r o m  t h i s  c a l i -  
b ra t ion   p rob lem.  We b e l i e v e  t h a t  t h e  l a s e r  s cheme   cou ld   be   u se fu l ly  
a d a p t e d  t o  t h i s  g e n e r a l  p r o b l e m .  
A p o t e n t i a l  i m p r o v e m e n t  i n  t h e  r a n g e  o f  a p p l i c a b i l i t y  o f  t h i s  
i n s t r u m e n t  c o u l d  b e  made by i n c o r p o r a t i n g  c i r c u i t s  t o  c o r r e c t ,  a t  l e a s t  
i n  a f i r s t - o r d e r  way, any v a r i a t i o n s  i n  s i g n a l  g a i n  d u r i n g  o p e r a t i o n ;  
e. g . ,  v a r i a t i o n s  r e s u l t i n g  f r o m  c h a n g e s  i n  t h e  s u b j e c t ' s  p u p i l  s i z e .  
S u c h  c i r c u i t s  were a c t u a l l y  b u i l t  a n d  v e r i f i e d  i n  a n o t h e r  d e v i c e ,  re- 
f e r r e d  t o  a s  a g l a u c o m e t e r   o r   r e t i n a l   t o p o g r a p h ,   b e i n g   d e v e l o p e d   a t  
S t a n f o r d   R e s e a r c h   I n s t i t u t e .  T h i s  i n s t r u m e n t  i s  a d i r e c t   o f f s h o o t   o f  
the   bas ic   op tometer   scheme.  I n  b r i e f ,   t h i s   i n s t r u m e n t  i s  u s e d   t o   t r a c e  
t h e   p h y s i c a l   s h a p e  of t h e  r e t i n a l  s u r f a c e ,  p a r t i c u l a r l y  i n  t h e  r e g i o n  o f  
t h e   o p t i c   d i s k ,   w h i c h  is  most   a f fec ted   in   cases   o f   g laucoma.   The   device  
i s  bas i ca l ly   an   op tomete r   whose  beam i s  c a u s e d  t o  s w e e p  a c r o s s  t h e  r e t i n a  
w h i l e   t h e   s u b j e c t   f i x a t e s  on a s t e a d y   t a r g e t .   V a r i a t i o n s   i n   p h y s i c a l  
d e p t h   a r e   s e n s e d   a s   d i f f e r e n t   r e f r a c t i v e   d i s t a n c e s .  To  make t h i s  i n s t r u -  
men t   ' a s   s imp le   a s   poss ib l e ,  i t  was d e s i r a b l e  l o  use a s t a t i c ,  nonmoving 
r e a d o u t  s y s t e m  r a t h e r   t h a n  a mechanica l   c losed- loop   se rvo   sys tem.  How- 
e v e r ,  i t  i s  n e c e s s a r y  t o  b e   a b l e   t o   c o r r e c t   t h e  e i f ec t s  o f   a n y   v a r i a t i o n s  
i n   g a i n   i n   t h e   s i g n a l   p a t h ,  as noted  above.  With a c l o s e d - l o o p   t r a c k i n g  
s y s t e m ,  c h a n g e s   i n   g a i n   r e f l e c t   t h e m s e l v e s   o n l y  a s  a c h a n g e   i n   t h e   s p e e d  
of   response ,   whereas   in   an   open- loop  mode t h e y  r e f l e c t  t h e m s e l v e s  a s  
changes i n  t h e   o u t p u t   r e a d i n g   i t s e l f .   ( T h i s   i n   f a c t  i s  one of t h e   d i f f i -  
c u l t i e s  wi th   op tomete r s   t ha t   a r e   run   i n   an   open- loop   mode . )  A f i r s t -  
o r d e r  i m p r o v e m e n t  i n  t h e  s i t u a t i o n  c a n  b e  o b t a i n e d  by u s i n g  t h e  sum 
s i g n a l   f r o m   t h e  two h a l v e s  o f  t h e  o u t p u t  s p l i t - f i e l d  d e t e c t o r ,  i n  a d d i -  
t i o n   t o   t h e   d i f f e r e n c e   s i g n a l ,   w h i c h   g e n e r a l l y   d r i v e s   t h e  servo .  The 
sum s i g n a l  i s  a m e a s u r e  o f  t h e  t o t a l  l i g h t  g e t t i n g  t h r o u g h  t h e  s y s t e m  
-
. -  
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a n d   t h e r e f o r e  i s  a m e a s u r e   o f   t h e   t o t a l   g a i n .  By u s i n g  t h i s  s i g n a l  t o  
c o n t r o l  t h e  e l e c t r o n i c  g a i n  i n  t h e  s y s t e m  ( t h r o u g h  a d iv ide r  sys t em) ,  
a s i g n i f i c a n t  i m p r o v e m e n t  i n  o p e n - l o o p  c h a r a c t e r i s t i c s  i s  ob ta ined .  
T h e  p o t e n t i a l  s i g n i f i c a n c e  w i t h  r e s p e c t  t o  o p t o m e t e r  i n s t r u m e n t s  
i n  g e n e r a l  is  t h e  p o s s i b i l i t y  of  us ing  a much less a c c u r a t e  s e r v o  s y s -  
tem, i n   t h e   f o l l o w i n g   s e n s e .  I t  i s  a lways   poss ib l e  t o  add t o   t h e   o u t p u t  
s igna l   o f   t he   mechan ica l   s e rvo  some a p p r o p r i a t e l y  s c a l e d  v a l u e  of t h e  
e r r o r   s i g n a l   t h a t   d r i v e s   t h e   s e r v o .   I n   p r i n c i p l e ,   t h i s  would a c c u r a t e l y  
r e f l e c t  t h e  r e f r a c t i v e  s t a t e  of t h e  e y e  even when t h e  s e r v o  is  n o t  
t r a c k i n g   p r e c i s e l y .   T h e   p r o b l e m   i n   t h i s   s c h e m e ,   h o w e v e r ,  is t h a t   t h e  
e r r o r  s i g n a l  i t s e l f ,  u n l e s s  c o r r e c t e d  i n  t h e  manner  described  above, 
v a r i e s  i n  l e v e l  a c c o r d i n g  t o  v a r i a t i o n s  i n  t h e  o v e r a l l  g a i n  i n  t h e  s y s -  
tem. A l t e r n a t i v e l y ,   i n   a p p l i c a t i o n s   w h e r e  a w i d e   v a r i a t i o n   o f   r e f r a c -  
t i v e  power i s  n o t   e x p e c t e d   ( a s   i n   t h e   g l a u c o m e t e r ) ,   t h e   n e e d   f o r  a 
c losed - loop   mechan ica l   s e rvo  s y s t e m  may b e   e l i m i n a t e d   a l t o g e t h e r .   I n  
e f f e c t ,  i n  a combined s y s t e m  of t h i s  t y p e ,  t h e  r o l e  o f  t h e  m e c h a n i c a l  
t r a c k i n g  s e r v o  may be   v iewed  as   tha t   o f   keeping   the  sys t em n e a r  t h e  
r e g i o n  of n u l l .  Any d i s p a r i t y   f r o m   n u l l  is  t h e n   c o r r e c t e d  by p u r e l y  
e l e c t r o n i c  m e a n s .  
The c i r c u i t s  d e v e l o p e d  f o r  t h i s  p u r p o s e  i n  the   g laucometer  seem 
t o  p e r f o r m  w e l l  a n d  c o u l d  r e a d i l y  b e  i n c o r p o r a t e d  i n t o  a n y  f u t u r e  op- 
tometer  des ign .  
B.  Ocu la r   Focus   S t imula to r  
T h e  p r i m a r y  f u n c t i o n  o f  t h e  o c u l a r  f o c u s  s t i m u l a t o r  is t o  v a r y  t h e  
e f f e c t i v e  o p t i c a l  d i s t a n c e  t o  a t a r g e t  o v e r  a wide   range   wi thout  af-  
f e c t i n g   e i t h e r   t h e   b r i g h t n e s s   o r   a n g u l a r   s i z e   o f   t h e   t a r g e t .   T h e   d e v i c e  
a l s o  p e r m i t s  t h e  t a r g e t  t o  b e   v i e w e d   t h r o u g h   a n   a r t i f i c i a l   p u p i l  if 
necessary .   This   dev ' ice  was d e s c r i b e d   i n  a l e t t e r  t o   t h e   e d i t o r   o f   t h e  
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J o u r n a l  of t h e  O p t i c a l  S o c i e t y  o f  America e n t i t l e d ,  " O c u l a r - F o c u s  
-~~ ". .~ ~ 
S t i m u l a t o r , "  A p r i l  1970 and  was a l s o  d e s c r i b e d  i n  NASA T e c h n i c a l  B r i e f  
70-10568 e n t i t l e d ,  " V i s u a l  F o c u s  S t i m u l a t o r  A i d s  i n  S tudy  o f  t he  Eye ' s  
F o c u s i n g   A c t i o n .  I I  
C .  Two-Dimens iona l   Purk in je   Eye   Tracker  
E a r l i e r  i n  t h i s  p r o j e c t ,  w e  developed -a two-d imens iona l   eye   t r acke r  
t h a t  t r a c k e d  t h e  e y e  o v e r  a t w o - d i m e n s i o n a l  f i e l d  o f  a b o u t  6 X 12  de- 
g r e e s ,   w i t h  a n o i s e   l e v e l  of between 5 and 10 m i n u t e s   o f   a r c .   T h i s  
ins t rument   was   loaned  by NASA t o  P r o f .  Leon F e s t i n g e r  o f  t h e  N e w  School  
f o r  S o c i a l  R e s e a r c h ,  N e w  Y o r k ,  f o r  c o n d u c t i n g  c e r t a i n  v i s u a l  e x p e r i m e n t s  
t h a t   r e q u i r e d   t h e  u s e  of a two-dimensional e y e  t r a c k e r .   T h e   i n s t r u m e n t  
h a s   b e e n   u s e d   s u c c e s s f u l l y   f o r   a l m o s t  two years .   Al though i t  i s  a n  
i n v o l v e d   p r o c e d u r e   t o   a l i g n  a s u b j e c t   i n   t h e   i n s t r u m e n t ,   o n c e   s u c h  
a l ignmen t  i s  comple ted ,   the   ins t runlen t   per forms w e l l  f o r   e x t e n d e d  
p e r i o d s .  
D u r i n g  t h e  p a s t  y e a r ,  w e  developed a g rea t ly   improved   ve r s ion  of 
t h e  e y e  t r acke r ,   wh ich ,   a l t hough  i t  o p e r a t e d  in on ly  n s i n g l e   d i m e n s i o n ,  
had much g r e a t e r   a c c u r a c y   a n d   s e n s i t i v i t y .   I t  was a l s o  much e a s i e r  t o  
a l i g n  a s u b j e c t   f o r  u s e .  I n   b r i e f ,  t h e  s can t l ing   d i sk  of t h e   o r i g i n a l  
d e v i c e  was r e p l a c e d  by two s p l i t - f i e l d  p h o t o d e t e c t o r s ,  e a c h  m o u n t e d  o n  
a s e p a r a t e  m e c h a n i c a l  d r i v i n g  d e v i c e  a n d  s e r v o - c o n t r o l l e d  t o  t r a c k  o n e  
o f   t h e  two Purk in j e   images .   Th i s  new d e v i c e   t r a c k e d   t h e   h o r i z o n t a l  
components  of exe movements  over a r ange  of about  1.5 d e g r e e s ,  w i t h  a 
n o i s e   l e v e l   o f  less than   1 /2   minu te  oi a r c ,   p e a k  t o  peak.   The  accuracy 
. Of t h i s  d e v i c e  w a s  t e s t e d  t o  b e  o n  t h e  o r d e r  of 1 minute   of   arc ,   which 
compares  f avorab ly  wi th  the  accu racy  o f  t r ack ing  ach ieved  even  wi th  so- 
c a l l e d   t i g h t - f   i t t i n g   c o n t a c t   l e n s e s .  
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D u r i n g  t h e  c u r r e n t  y e a r ,  w e  developed a two-dimens iona l   vers ion   of  
t h i s  e y e  t r a c k e r .  t h a t  p e r f o r m s  i n  b a s i c a l l y  t h e  same way e x c e p t  t h a t  i t  
o p e r a t e s  o v e r  a t w o - d i m e n s i o n a l   f i e l d  of between 5 t o  10 d e g r e e s  i n  
d iameter .   The   two-dimens iona l   vers ion  of t h e  e y e  t r a c k e r  is d e s c r i b e d  
i n   d e t a i l   i n   t h e   A p p e n d i x .   I n a s m u c h   a s  w e  b e l i e v e   t h a t   t h e s e  e y e  t r a c k e r s  
r e p r e s e n t  a s u b s t a n t i a l  i m p r o v e m e n t  i n  t h e  s t a t e  o f  t h e  a r t ,  w e  p l a n  t o  
s u b m i t  t h e  b a s i c  m a t e r i a l  o f  t h e  A p p e n d i x  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  
o f   t he   Op t i ca l   Soc ie ty   o f   Amer ica .   These  e y e  t r a c k e r s   a r e   c o v e r e d   u n d e r  
t h e  NASA p a t e n t  a p p l i c a t i o n  e n t i t l e d ,  "Eye  T r a c k e r s "  (SRI  f i l e  number 
P-228) .  
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I I I ACCOhfhlODAT I OX STUDY 
A .  A Model  of Accommodation  Control 
O u r  expe r imen t s  have  shown t h a t  s u b j e c t s  c a n  accommodate properly 
w i t h o u t   t h e   b e n e f i t   o f   c h r o m a t i c   a b e r r a t i o n ,   s p h e r i c a l   a b e r r a t i o n ,  
h u n t i n g ,  l a r g e  f i e l d  p a t t e r n s ,  v i s u a l  c u e s  i n  t h e  t a r g e t  i t s e l f  ( s u c h  
a s  s ize  changes or i n t e n s i t y  c h a n g e s ) ,  or even  c o n t i n u i t y  i n  t h e  i m a g e  
( i n  t h e  s e n s e  t h a t  p r o p e r  r e s p o n s e  is  o b t a i n e d  e v e n  when s w i t c h i n g  
a b r u p t l y  from o n e   t a r g e t   t o  a c o m p l e t e l y   d i f f e r e n t   t a r g e t ) .  We have 
r e c e n t l y  p r o p o s e d  a novel   model   for   accommodat ion   cont ro l   tha t  w e  have 
ca l l ed   an   " accommoda t ion   l ag"   mode l .   Th i s   mode l   pe rmi t s   t he   po la r i ty  
of t h e  r e s p o n s e  t o  a f o c u s  e r r o r  t o  b e  c o r r e c t  e v e n  when t h e  b a s i c  re- 
l a t i o n s h i p  b e t w e e n  d e f o c u s  a n d  o p t i c a l  d i s t a n c e  f r o m  t h e  p l a n e  o f  b e s t  
f o c u s  i s  a n   " e v e n   f u n c t i o n . "   A c c o m m o d a t i o n   l a g ,   i n   e f f e c t ,   b i a s e s   t h e  
s y s t e m  away f r o m  d e a d  c e n t e r ,  a n d  t h e r e b y  e l i m i n a t e s  t h e  n e e d  f o r  a n  
"odd f unc t ion .  " 
The bas ic  hypothes is  of  the  accommodat ion  lag  model  can  be  descr ibed  
a s   f o l l o w s .  A c e n t r a l  mechan i sm,   poss ib ly   unde r   consc ious   con t ro l ,  
e s t a b l i s h e s  some b l u r   l e v e l   t h a t  i s  a c c e p t a b l e   t o   t h e  s y s t e m .  ( T h i s  
l e v e l  may d e p e n d   o n   t h e   n a t u r e   o f   t h e   v i s u a l   t a s k . )   T h e   c o n t r o l  s y s t e m  
then  p roduces  j u s t  e n o u g h  c o n t r a c t i o n  o f  t h e  c i l i a r y  musc le s  t o  a c h i e v e  
t h a t   b l u r   l e v e l ,   a c c o r d i n g   t o   t h e   f o l l o w i n g   a l g o r i t h m :   " I f   t h e   b l u r  is  
g r e a t e r  t h a n  t h e  c r i t e r i o n  l e v e l ,  increase accommodation; if i t  i s  less 
( i. e . ,  s h a r p e r ) ,   r e l a x .  I' 
Fol lowing   t h i s   a lgo r i thm,   an   emmet rop ic   sub jec t   wou ld   a lways  accom- 
modate  on a p l a n e  f a r t h e r  f r o m  h i m  t h a n  t h e  t a r g e t  ( e x c e p t  when t h e  
t a r g e t  is a t  in f in i ty ) ,  wh ich  ag rees  wi th  the  we l l -known accommoda t ion  
9 
lag.  For example, when t h e  target  is a t  p l a n e  T i n  F i g u r e  1 and  the   eye  
is focused  a t  p l a n e  E, beyond T, t h e  r e t i n a l  image  would be b l u r r e d  by 
some amount "B Under  these  cond i t ions ,  t he  a lgo r i thm wou ld  p roduce  11 
L' 
R E G I O N  OF - 
R E G I O N  OF 
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FIGURE 1 ACCOMMODATION  LAG  MODEL 
a c c o m m o d a t i v e  r e s p o n s e s  i n  t h e  c o r r e c t  d i r e c t i o n  f o r  a n y  a x i a l  d i s p l a c e -  
ment t h a t  moves i h e  t a r g e t  c l o s e r  t o  t h e  s u b j e c t ,  a n d  a l s o  c o r r e c t  re- 
s p o n s e s  i f  t h e  t a r g e t  moves away f r o m   t h e   s u b j e c t ,  so l o n g  as  i t  does 
no t  move ' ' t o o   f a r . "   S p e c i f i c a l l y ,   r e s p o n s e s   w o u l d   a l w a y s  be c o r r e c t  
u n l e s s  t h e  t a r g e t  a b r u p t l y  moves f a r t h e r  away t h a n  a b o u t  twice t h e  accom- 
m o d a t i o n  l a g  ( i . e . ,  beyond plane T'). 
T h e r e  a r e  many forms tha t  an  accommodat ion  lag  model  might  take .  
For example ,  i n  F igu re  2 ,  w e  assume a form  from  which w e  would  deduce 
t h a t  t h e r e  m i g h t  b e  t w o  d i f f e r e n t  f o r m s  o f  c o n t r a c t  a n d  r e l a x  " r e s p o n s e s . "  
Here it  i s  assumed  that ,   whenever   blur  i s  g r e a t e r  t h a n  c r i t e r i o n ,  a s t e a d y  










FIGURE 2 ALTERNATIVE  ACCOMMODATION  LAG  MODEL 
o f  t h e  f o r c e  d e p e n d i n g  o n l y  o n  t h e  e x c e s s  o f  b l u r  o v e r  c r i t e r i o n ,  a s  s u g -  
g e s t e d   i n   F i g u r e   2 ( a ) .   I n   t h e   r a n g e   b e t w e e n   p o s i t i o n s  "b" and "c," t h e  
c o n t r a c t i o n  f o r c e  w o u l d  b e  z e r o  a n d  t h e  r e s t o r i n g  ( i . e . ,  s p r i n g )  f o r c e  
of t h e   l e n s   w o u l d   r e l a x   t h e  e y e  toward  infinity.   Accommodation  would 
t h u s   t e n d  t o  s t a b i l i z e  i n  t h e  r e g i o n  "b," s i n c e  a s  s o o n  a s  t h e  e y e  re- 
l axed   beyond   t ha t   l eve l  a con t r ac t ion   fo rce   wou ld   be   app l i ed .   Equ i l ib r ium 
w o u l d  o c c u r  w h e r e  t h e  c o n t r a c t i o n  f o r c e  e q u a l e d  t h e  r e l a x a t i o n  ( i . e . ,  
s p r i n g )   f o r c e .   ( T h i s   t y p e  of m o d e l   w o u l d   p r e d i c t   i n c r e a s i n g   l a g   w i t h  
accommodation, i f  w e  assumed t h a t   t h e   " r e s t i n g "   l e v e l   o f   t h e   l e n s  was 
n e a r   i n f i n i t y - - i . e . ,   n e a r   z e r o   d i o p t e r s . )  
I n  t h i s  c o n c e p t i o n ,  t h e r e  is an   under ly ing   machinery   (which  may be 
con t ro l l ed   by   t he   au tonomic   ne rvous   sys t em)   t ha t   s imp ly   app l i e s  a con- 
t r a c t i o n   f o r c e   p r o p o r t i o n a l   t o   t h e   l e v e l  of b l u r   o v e r   c r i t e r i o n .   W i t h  
o n l y  t h i s  much mechanism,  the e y e  c o u l d  a l w a y s  f o c u s  p r o p e r l y ,  i f  w e  
assume j u s t  o n e  o t h e r  p r o p e r t y - - i . e . ,  t h a t  w i t h  no v i s u a l  p a t t e r n  a t  a l l  
t h e   e y e   r e l a x e s   t o   o r   n e a r   i n f i n i t y .   ( O u r   s u b j e c t s   c o n s i s t e n t l y   r e l a x  
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t o   a b o u t   o n e   d i o p t e r  when t h e  s t i m u l u s  f i e l d  is dark.)   Thus,   whenever  
t h e  e y e  w a s  c l o s e d  ( i . e . ,  b l i n k e d ) ,  t h e  e y e  w o u l d  r e l a x  t o w a r d  i n f i n i t y .  
On opening  of t h e  e y e ,  t he  con t r ac t  mechan i sm wou ld  b r ing  the  accommoda- 
t i o n  t o  t h e  p r o p e r  l e v e l ,  w i t h o u t  e v e r  p a s s i n g  t h r o u g h  t h e  r a n g e  w h e r e  
t h e   r e s p o n s e   p o l a r i t y  is  w r o n g .   ( R e c a l l   t h a t   h e  eye  is i n   t h a t   r a n g e  
on ly  when c o n t r a c t e d  t o  a p l a n e  c l o s e r  t h a n  t h e  p l a n e  of t h e  o b j e c t . )  
I n   t h i s   a r r a n g e m e n t ,  i t  is assumed t h a t   t h e   " a u t o m a t i c "  sys tem i s  
a l w a y s  o p e r a t i n g  e x c e p t  when c u e s  a r e  a v a i l a b l e ,  a t  w h i c h  time t h e  ' 'cue 
system" c a n  i n h i b i t ,  o v e r r i d e ,  or "swi tch   ou t"   the   " lower  l e v e l "  s y s t e m  
a n d   a p p l y   s p e c i f i c   c o n t r a c t  or r e l ax   r e sponses .   [ I f   accommoda t ion   does ,  
i n  f a c t ,  c o n c e r n  b o t h  a l o w e r  l e v e l  sys tem and a h i g h e r  l e v e l  s y s t e m ,  
w e  w o u l d   e x p e c t   t o   f i n d   d i f f e r e n t i a l   r e a c t i o n   t o   n e u r a l  damage. Damage 
t o  t h e  h i g h e r  l e v e l  sys t em m i g h t  e l i m i n a t e  o n l y  cue  c o n t r o l ,  w h i l e  t h e  
unde r ly ing  t r ack ing  mechan i sm o f  the  lower  l eve l  sys t em would  remain 
i n t a c t .   F u r t h e r m o r e ,   a l t h o u g h   t h e   " c u e   c o n t r o l "  s y s t e m  is  shown con- 
n e c t i n g  t o  t h e  same " p o i n t "   a s   t h e   l o w e r  l e v e l  sys t em i n  F i g u r e  2 ( b ) ,  
i t  may well b e  t h a t  t h e  h i g h e r  l e v e l  s y s t e m  conce rns  a s e p a r a t e  m u s c l e  
sys tem.  I t  is  s t i l l  n o t   c l e a r  how  many c i l i a r y  musc le  systems . p a r t i c i -  
pa t e  in  accommoda t ion  con t ro l .  I 
The   a r rangement   tha t  w e  u s e d  t o  tes t  t h i s  h y p o t h e s i s  is  a s   f o l l o w s .  
The   sub jec t   v i ews  a h o r i z o n t a l   l i n e   a t   t h r e e   d i o p t e r s .   T h e n ,   i n s t a n -  
t a n e o u s l y  a n d  s i l e n t l y ,  t h e  h o r i z o n t a l  l i n e  is  r e p l a c e d  by  a v e r t i c a l  
one t h a t  may or may n o t  c o n t a i n  a s h o r t  g a p ,  t h e  v e r t i c a l  l i n e  a n d  g a p  
a p p e a r i n g  a t  v a r i o u s  o p t i c a l  d i s t a n c e s ,  e i t h e r  c l o s e r  t o  t h e  s u b j e c t  or 
f a r t h e r  away t h a n   t h e   h o r i z o n t a l   l i n e .  The  gap i s  sma l l   enough   t ha t  i t  
canno t  be  de t ec t ed  u n l e s s  accommodation i s  r e a s o n a b l y  c l o s e  t o  c o r r e c t .  
The sub jec t  i s  asked   to   judge   whether   the   gap  is  p r e s e n t ,   a n d  accommoda- 
t i v e   r e s p o n s e s   a r e   r e c o r d e d   w i t h   t h e   o p t o m e t e r .  I t  was  hoped t h a t   t h e  
g a p   d e t e c t i o n   t a s k   w o u l d   s t a b i l i z e   t h e   f o c u s   c r i t e r i o n .   T h e   m o d e l  
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p r e d i c t s  t h a t  t h e r e  w i l l  be a r a n g e  o f  v e r t i c a l  l i n e  p o s i t i o n s  ( a t  d i s -  
t a n c e s  g r e a t e r  t h a n  t h r e e  d i o p t e r s )  f o r  w h i c h  t h e  r e s p o n s e  w i l l  b e g i n  
i n  t h e  w r o n g  d i r e c t i o n .  
W i t h  t h e  f i r s t  s u b j e c t  t h a t  w e  u s e d  t o  test  t h i s  h y p o t h e s i s ,  , t h e  
r e s u l t s   s e e m e d   c o m p l e t e l y   u n e q u i v o c a l .  Movement o f  t h e  t a r g e t  c l o s e r  
t o  t h e  e y e  t h a n  some p l a n e  T a lways   caused   t he  e y e  t o  i n c r e a s e  i t s  
power ( c o r r e c t l y ) ,   e v e n   f o r   t a r g e t s   a s   c l o s e   a s   n i n e   d i o p t e r s .  For  
ta rge t  l o c a t i o n s  b e t w e e n  T and some p l a n e  T ' ,  t h e r e  w a s  no r e s p o n s e ,  a 
weak r e l a x a t i o n   r e s p o n s e ,   o r   a n   a b r u p t   r e l a x a t i o n   r e s p o n s e .   B e y o n d  T f ,  
t h e   e y e   a l s o   i n c r e a s e d  i t s  power ( i n c o r r e c t l y ) ,  a s  p r e d i c t e d .  
S i m i l a r  tests o n  s u b s e q u e n t  s u b j e c t s  y i e l d e d  more e q u i v o c a l  re- 
s u l t s .  T h u s ,   e v e n   t h o u g h   t h i s   n o v e l   h y p o t h e s i s   o f f e r s  a p o s s i b l e  ex- 
p l a n a t i o n  of f i n e - f o c u s  c o n t r o l  a n d  s t a b i l i t y ,  i t s  v a l i d i t y  is n o t  
c l e a r .  I t  may w e l l  be   tha t   our   knowledge   of   the  e y e  movement and accom- 
modat ion s y s t e m s ,  t o g e t h e r  w i t h  t h e  l i m i t e d  s t a t e  o f  o u r  i n s t r u m e n t a t i o n ,  
i s  n o t  y e t  a d e q u a t e   t o  make more d e f i n i t i v e  t es t s .  Wi th   r ega rd   t o   i n -  
s t r u m e n t a t i o n ,  w e  s u s p e c t   t h a t   t h e   n o i s e   l e v e l  of the   op tometer   and   our  
l i m i t e d  a b i l i t y  t o  d e t e r m i n e  a b s o l u t e  c a l i b r a t i o n  may have made i t  d i f -  
f i c u l t  a c t u a l l y  to f i n d   t h e   c e n t r a l   z o n e ,  i . e . ,  the   reg ion   be tween  p lanes  
T and T' i n   F i g u r e  2 .  ( W i t h   r e g a r d   t o   t h e   s t a b i l i t y  of  accommodation, 
a c e n t r a l  r e g i o n  o n l y  a few t e n t h s  o f  a d iopter   wide   would   be   adequate  
to  ma in ta in  s t ab le  focus - - i . e . ,  avo id  the  r eg ion  beyond  TI - - even  wi th  a 
peak- to -peak  va r i a t ion  in  accommoda t ion  o f  a h a l f  d i o p t e r  or even more.)  
Added t o  t h e s e  d i f f i c u l t i e s  i s  t h e  f a c t  t h a t  a l m o s t  e v e r y  s u b j e c t  
t e s t e d  s e e m e d  t o  b e  v a r i a b l e  i n  p e r f o r m a n c e ,  some much w o r s e  t h a n  o t h e r s .  
T h i s  r e s u l t s  e i t h e r  f rom  the   na tu re   o f   t he   phys io log ica l   sys t ems   con-  
c e r n e d  or f r o m  v a r i a b l e  a s p e c t s  o f  o u r  e x p e r i m e n t a l  f a c i l i t y  o f  w h i c h  w e  
a r e  no t  aware .  
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S u b j e c t  v a r i a b i l i t y  m i g h t  well b e  c o n n e c t e d  w i t h  a t  l e a s t  t w o  o t h e r  
o b s e r v a t i o n s .   F i r s t ,  w e  h a v e   s h o w n   u n e q u i v o c a l l y   t h a t   s u b j e c t s   c a n   i n  
f a c t  be t r a i n e d  to  respond t o  any   cue .   Second,   there  may be  more s u b t l e  
i n t e r c o n n e c t i o n  of t h e  e y e  movement and  accommodat ion  systems  than  pre-  
v i o u s l y   t h o u g h t .   T h e s e   t o p i c s   a r e   d i s c u s s e d   f u r t h e r   i n   t h e   f o l l o w i n g  
two s e c t i o n s .  
B .  Relation  Between  Eye  Movements  and  Accommodation 
I t  has   been  known f o r  a l o n g  time t h a t  when a s u b j e c t  a t t e m p t s  t o  
f i x a t e  a t a r g e t  s t e a d i l y  h i s  e y e s  unde rgo   cons t an t   mo t ions ,   t he   mos t  
prominent  of which arc s m a l l ,   a b r u p t   r o t a t i o n s   c a l l e d   s a c c a d i c   m o t i o n s ,  
o r   s accades .   These   s accades   occu r  a t  a n   a v e r a g e   r a t e  of about  two p e r  
s e c o n d .   D u r i n g   s t e a d y   f i x a t i o n ,   t h e r e  i s  a l s o  a c o n t i n u a l   f l u c t u a t i o n  
in   t he   accommoda t ion   s t a t e   o f   t he  e y e s ,  w i th  a peak in i t s  power  spec- 
t r u m  a t   a b o u t  2 Hz. The re  arc a number of  p l a u s i b l e   l l y p o t h e s c s   t h a t  
wou ld   p red ic t  a r e l a t i o n s h i p  b e t w c c n  Lhc occurrences of s a c c a d e s  and of 
a c c o m m o d a t i v e   f l u c t u a t i o n s .  l‘hcl~cl‘o~~e, w c  performed some measurenlents 
t o  d e t e r m i n e  w h a t  i f  a n y  r e l a t i o n s h i p  e x i s t s  b e t w c c n  them. 
T h e s c   p r e l i m i n a r y   d a t a  were c o l l e c t e d  in t . h c  l a b o r a t o r y   o f  Dl.. Robert  
Steinman a t  t he   Un ive r s i ty   o f   Mary land .  D r .  S te inman has  developed  a 
simple  method  for   measuring v e r y  s m a l l  c y c  nlovcments, one tha t  p e r m i t s  
the  measurement  of  accommodation 0 1 1  the same e y e   a t  the sanle Lime. H i s  
t e chn ique  is a s  f o l l o w s .  ‘The sub , j cc t   wea r s  a t i g h t l y   € i t t i n g   c o n t a c t  
lens   th rough  which  a h o l e   h a s  been dr.i l lccl .  A smal l   tube  i s  Pitted to 
thc  holc ,  and n e g a t i v e   p r e s s u r c  i s  a p p l i c d  Lo t h e  oll1et- end  of the tube ,  
h o l d i n g   t h c   l e n s  l i r m l y  on thc e y e .  A l so   :~ tLached  t o  t h e  lens is a s h o r t  
s t a l k  w i t h  a p l a n e  m i r r o r .  on the  cnd of  i t .  ‘J’he l i g h t  from a low  power 
neon-he l ium  l a se r  is r e f l e c t e d   f r o m  Lhc mirror.  and on to  a s p e c i a l   p h o t o -  
d e t e c t o r   t h a t   g e n e r a t e s   v o l t a g e s   c o r r e s p o n d i n g  t o  the  110rizontnl  a n d  
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v e r t i c a l   p o s i t i o n s   o f   t h e   l i g h t   s p o t   f a l l i n g   o n  i t .  As t h e   e y e   r o t a t e s ,  
t h e  l a s e r  s p o t  moves a c r o s s  t h e  p h o t o d e t e c t o r  a n d  i t s  o u t p u t s  a r e  
r eco rded .  
B e c a u s e  t h e  l a s e r  a n d  t h e  p h o t o d e t e c t o r  a r e  b o t h  f a r  f r o m  t h e  e y e ,  
a n d  t h e  i n c i d e n t  a n d  r e f l e c t e d  l i g h t  beams l i e  i n  a h o r i z o n t a l  p l a n e  a t  
abou t  45 d e g r e e s  t o  t h e  l i n e  o f  s i g h t ,  it i s  r e l a t i v e l y  e a s y  t o  p l a c e  
t h e  i n f r a r e d  o p t o m e t e r  i n  a p o s i t i o n  w h e r e  i t  w i l l  r e c o r d  t h e  accommoda- 
t i o n  o f  t h e  e y e ,  t h r o u g h  t h e  c o n t a c t  l e n s ,  w i t h o u t  i n t e r f e r i n g  w i t h  t h e  
eye movement r e c o r d i n g .  
T h i s  s e t u p  was u s e d  t o  r e c o r d  e y e  movements  and  accommodation 
s imul t aneous ly  du r ing  1 -minu te  r u n s  o f  f i x a t i o n  o n  a v i s u a l  t a r g e t .  
T h e  e s s e n t i a l  q u e s t i o n  t o  b e  a n s w e r e d  was w h e t h e r  t h e r e  w a s  some t e m -  
p o r a l l y  f i x e d  r e l a t i o n s h i p  b e t w e e n  t h e  o c c u r r e n c e  of s a c c a d i c  movements 
and   f luc tua t ions   in   accommodat ion .  To t e s t  t h i s   p o s s i b i l i t y ,   t h e  e y e  
movement and  accommodation  records were d i g i t i z e d  a n d  d i r e c t l y  c r o s s  
c o r r e l a t e d .   T h e  r e s u l t  f o r  two  1-minute  runs i s  shown i n   F i g u r e  3 .  
( T h e  v e r t i c a l  a n d  h o r i z o n t a l  e y e  movements were i n d e p e n d e n t l y  c r o s s  
c o r r e l a t e d   a g a i n s t   t h e   s i m u l t a n e o u s   o p t o m e t e r   r e c o r d .  ) These r e s u l t s  
a r e   f a r   t o o   p r e l i m i n a r y  t o  permit   drawing any c o n c l u s i o n s ,   a l t h o u g h  i t  
i s  i n t e r e s t i n g  t h a t  a peak in c o r r e l a t i o n  o c c u r s  w i t h  some 0.5-second 
de lay   be tween   t he   r eco rds   ( accommoda t ion   l agg ing) ,   s ince   t he   t yp ica l  
la tency  of   an  accommodat ion  response is o n  t h e  o r d e r  of 400 m i l l i s e c o n d s .  
I t  is i n a p p r o p r i a t e   t o   s p e c u l a t e   o n   s u c h   p r e l i m i n a r y  r e s u l t s ,  a l -  
though i t  r a i s e s  t h e  q u e s t i o n  o f  w h e t h e r  t h e r e  may n o t  a l s o  b e  “accommo- 
d a t i o n   s a c c a d e s , ”   f o r   a d j u s t i n g   t h e   a c c o m m o d a t i o n  s y s t e m ,  j u s t  a s  t h e r e  
a r e  s a c c a d e s  i n  t h e  e y e  movement s y s t e m  f o r  c o r r e c t i n g  e r r o r s  i n  e y e  
f i x a t i o n .   T h i s   n o t i o n  was d i s c u s s e d  i n  a c o m p l e t e l y   t h e o r e t i c a l  manner 
i n  o u r  o r i g i n a l  r e p o r t , ’ *  w h e r e  i t  was sugges ted   tha t   accommodat ion  
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FIGURE 3 CROSS-CORRELATION  OF  EYE  MOVEMENTS  AND  ACCOMMODATION FOR 1-MINUTE  RUNS OF 
STEADY  FIXATION 
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s a c c a d e s  m i g h t  b e  t r i g g e r e d  by e y e  movement saccades ,  which  might  
a c c o u n t  f o r  t h e  s t r o n g  2-Hz "v ibra t ion"   somet imes   seen   in   accommodat ion  
r e c o r d s .  
I t  i s  o u r  o p i n i o n  t h a t  t h e  i n t e r a c t i o n  o f  t h e  e y e  movement and 
accommodation s y s t e m s  is wor thy   o f   cons ide rab le   fu r the r   s tudy .  
C. T r a i n i n g   t h e   V i s u a l  Accommodation  System 
Although w e  c o n c l u d e d  e a r l i e r  t h a t  n o  s i n g l e  c u e  s e e m e d  n e c e s s a r y  
for   accommodat ive  response,  w e  b e g a n  t o  s u s p e c t  t h a t  i t  may b e  p o s s i b l e  
t h a t   a n y   c u e   m i g h t   b e   s u f f i c i e n t .  To t e s t  t h i s   p o s s i b i l i t y ,  w e  performed 
the   expe r imen t   desc r ibed   be low,   wh ich   ve r i f i e s  ancl e x t e n d s  t h e  r e s u l t s  
of   Robert   Randle   of  NASA A m e s  Research   Labora tory ."  We f o u n d   t h a t  i t  
t a k e s  o n l y  a f e w  h o u r s  t o  t r a i n  two s u b j e c t s  t o  r e s p o n d  v o l u n t a r i l y  t o  
accommoda t ion   s t imu l i   i n   t he   fo rm  o f   aud ib le   t ones ;   t ha t  is, t o  s i g n a l s  
t h a t   h a d  no d i r e c t   r e l a t i o n   t o   v i s u a l   p a t t e r n s .   I n   f a c t ,   a f t e r   t r a i n i n g ,  
the   accommodat ion   responses   looked   ex t remely   s imi la r ,   bo th   in   l a tency  
and  form, to   o therwise   normal   accommodat ion   l . esponses   (Randle   found 
s i m i l a r  r e s u l t s ) .  
I t  is  o u r   i n t e n t i o n   t o   s u b m i t   t h e   m a t e r i a l   t h a t   f o l l o w s   t o   V i s i o n  
R e s e a r c h   i n   t h e  form of a l e t t e r  t o  t h e  e d i t o r .  
When a v i s i b l e  t a r g e t  is  suddenly   d i sp laced   toward  o r  away from a 
s u b j e c t ,   h e  w i l l ,  a f t e r  a l a t e n t  p e r i o d  o f  a b o u t  0.4 second,   respond by 
c h a n g i n g   h i s   a c c o m m o d a t i o n   i n   t h e   a p p r o p r i a t e   d i r e c t i o n .   T h e   f a c t   t h a t  
t h e   d i r e c t i o n   o f   t h e   r e s p o n s e  i s  c o r r e c t  is p u z z l i n g ,  b e c a u s e ,  a t  l e a s t  
t o  a f i r s t  o r d e r ,  t h e  b l u r  p a t t e r n  o n  t h e  r e t i n a  h a s  t h e  same cha rac -  
ter is t ics  w h e t h e r  t h e  t a r g e t  is t o o  c l o s e  t o  t h e  e y e  o r  t o o  f a r  f r o m  i t .  
I n   p r i n c i p l e ,   t h e   c h a n g e   i n   t h e   s i z e  of t h e  r e t i n a l  image t h a t  
u s u a l l y  a c c o m p a n i e s  c h a n g e  i n  d i s t a n c e  c o u l d  p r o v i d e  t h e  c u e  f o r  c o r r e c t  
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a c c o m m o d a t i o n .   F u r t h e r ,   i n   p r i n c i p l e ,   s e c o n d   o r d e r   e f f e c t s   r e s u l t i n g  
f r o m  c h r o m a t i c  a n d  s p h e r i c a l  a b e r r a t i o n  a n d  c u r v a t u r e  o f  f i e l d  p r o d u c e  
r e t i n a l  l i g h t  d i s t r i b u t i o n s  t h a t  h a v e  a c e r t a i n  d e g r e e  of asymmetry  as 
t h e   r e t i n a  moves t h r o u g h   t h e   p l a n e   o f   o p t i m a l   f o c u s .   T h e r e f o r e ,   a n y   o f  
them  might   provide a c u e  n e c e s s a r y  f o r  a c o r r e c t  p o l a r i t y  of accommoda- 
t i v e   r e s p o n s e   t o  a c h a n g e   i n   t a r g e t   d i s t a n c e .   I n   a n   e x t e n s i v e  ser ies  
o f   e x p e r i m e n t s   n o t   d e s c r i b e d   h e r e ,  w e  have shown t h a t   n o n e   o f   t h e s e  
p o s s i b l e   c u e s  is  a c t u a l l y   n e c e s s a r y  for correc t   accommodat ion .   Fur ther ,  
r e s p o n s e s  a r e  c o r r e c t  when t h e  t a r g e t  i s  v i s i b l e  o n l y  t o  o n e  e y e ,  and 
t h e r e f o r e   o c u l a r   c o n v e r g e n c e  is n o t   n e c e s s a r y .   A n o t h e r   p o s s i b i l i t y   t h a t  
h a s  b e e n  p r o p o s e d  i n  t h e  l i t e r a t u r e  i s  t h a t ,  d u r i n g  t h e  l a t e n t  p e r i o d ,  
t h e   s m a l l   f l u c t u a t i o n s   o f   a c c o m m o d a t i o n   t h a t   c o n t i n u a l l y   o c c u r   p r o v i d e  
i n f o r m a t i o n  t o  t h e  s y s t e m  i n d i c a t i n g  w h i c h  d i r e c t i o n  s h a r p e n s  t h e  i m a g e .  
We have   a l so   shown,   however ,   tha t   th i s   "hunt ing"   mechanism  can   be   d i s -  
a b l e d  w i t h o u t  p e r t u r b i n g  t h e  c o r r e c t n e s s  o f  t h e  a c c o m m o d a t i v e  r e s p o n s e s  
t o   s t e p   c h a n g e s .   I n   f a c t ,   i n   o u r  own e x p e r i m e n t s  w e  have   demonst ra ted  
t h a t  r e s p o n s e s  a r e  c o r r e c t  e v e n  when a l l  o f  t h e s e  p o s s i b l e  c u e s  a r e  
s i m u l t a n e o u s l y  e l i m i n a t e d .  
T h e  e x p e r i m e n t  d e s c r i b e d  b e l o w  d e m o n s t r a t e s  t h a t  a n y  p e r c e p t i b l e  - 
c u e   t h a t   r e v e a l s   t h e   d i r e c t i o n   o f   m o t i o n  of t h e  t a r g e t  i s  s u f f i c i e n t  t o  
p e r m i t   t h e   s u b j e c t   t o  make c o r r e c t   r e s p o n s e s .  No s ing12   cue  o r  p a r t i c u l a ~  
combina t ion   o f   cues  is n e c e s s a r y .  
We h a v e  p r e v i o u s l y  d e s c r i b e d  a n  a u t o m a t i c  i n f r a r e d  o p t o m e t e r  t h a t  
c o n t i n u o u s l y   m e a s u r e s   t h e   i n s t a n t a n e o u s   s t a t e   o f   a c c o m m o d a t i o n  of an 
undrugged e y e ,  w i t h o u t  p r o d u c i n g  a n y  v i s u a l  s t i m u l a t i o n  o f  i t s  own.3 
F o r   t h e   e x p e r i m e n t   r e f e r r e d  to  h e r e ,  w e  a l i g n e d  o u r  s u b j e c t s  i n  t h i s  
dev ice   wh i l e   t hey  were v iewing  a dim p o i n t  s o u r c e  t h r o u g h  a n  a r t i f i c i a l  
p u p i l  0 . 1  mm in   d i ame te r .   Wi th   such  a t a r g e t ,   t h e  e y e  w i l l  remain 
p o i n t e d  i n  a f i x e d  d i r e c t i o n  so t h a t  t h e  o p t o m e t e r  w i l l  o p e r a t e  p r o p e r l y ,  
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b u t ,  b e c a u s e  o f  t h e  l a r g e  d e p t h  of f o c u s   p r o v i d e d  by t h e  a r t i f i c i a l  
p u p i l ,  t h e  r e t i n a l  i m a g e  of t h e  t a r g e t  is e s s e n t i a l l y   u n c h a n g e d   e v e n  
by l a r g e   c h a n g e s   i n   a c c o m m o d a t i o n .   T h e   s u b j e c t s  were a l s o   p r o v i d e d  
w i t h   b i n a u r a l   h e a d   p h o n e s .  A t o n e  w a s  d e l i v e r e d  t o  o n e  e a r  w h o s e  p i t c h  
c o u l d  b e  c o n t r o l l e d  e i t h e r  b y  t u r n i n g  a knob or b y  d e l i v e r i n g  a n y  p r e -  
de t e rmined  sequence  of v o l t a g e  l e v e l s  t o  a v o l t a g e - c o n t r o l l e d  o s c i l l a t o r .  
The p i t c h  of t h e  t o n e  i n  t h e  o t h e r  e a r  w a s  c o n t r o l l e d  b y  t h e  o u t p u t  o f  
t h e  o p t o m e t e r  a n d  t h e r e f o r e  d e p e n d e d  o n  t h e  s u b j e c t s '  s t a t e  o f  accommo- 
d a t i o n .   T h e   s u b j e c t s  were a s k e d   t o   v a r y   o n e  of t h e  p i t c h e s  by t u r n i n g  
the  knob  and to  change   the i r   accommodat ion   to   main ta in  a match  between 
the  two p i t c h e s .  
The   two   sub jec t s  were about  20 y e a r s   o l d   a n d  were emmetropic.   Only 
one of t h e   s u b j e c t s   h a d   p r e v i o u s   e x p e r i e n c e   i n  o u r  accommodation 
expe r imen t s  . 
When they  were f i r s t  a s k e d  t o  p e r f o r m  t h i s  t a s k ,  b o t h  s u b j e c t s  
a s s e r t e d  t h a t  t h e y  s imply   cou ld  not do i t ;  t h e y   d i d  not have  any  idea 
of  how to   go   abou t   chang ing   t he i r   accommoda t ion   appropr i a t e ly .   Neve r -  
t h e l e s s ,   t h e y   p l . a c t i c e d ,   a d   l i b ,  and  were t e s t e d   p e r i o d i c a l l y .   A f t e r  
a t o t a l  of thrce hours 01 a d  l i b  p r a c t i c e ,  e a c h  of Lhem was f u l l y  a b l e  
t o  per form lhc t a s k .  A s  a t e s t ,  w e  d e l i v c r c d  3 scr ies  o f  t o n e s  whose 
p i t c h e s  were randomly   se lec ted ,   and   the i r   accommodat ive   responses ,   as  
shown i n  F i g u r e  4 ,  were i n d i s t i n g u i s h a b l e   i n   l a t e n c y   a n d   a c c u r a c y   f r o m  
t h o s e  r e s p o n s e s  t h a t  were e l i c i t e d  by random s h i f t s  i n  t h e  d i s t a n c e  of 
a r e a l  t a r g e t  s e e n  through the n a t u r a l  p u p i l .  
Wc then c h a n g e d   t h e   s t i m u l u s   c o n d i t i o n s .  T h e  s u b j e c t s   v i e w e d  two 
h o r i z o n L a 1  l i n e s  on t h e  f a c e  of a n   o s c i l l o s c o p e ,   a g a i n   t h r o u g h  a 0 . l - m n l  
a r t i P i c i a l  p u p i l .  We c o n t r o l l e d  the v e r t i c a l   p o s i t i o n   o f   o n e  of t h e  
l i n e s ,  a n d  t h e  v e r t i c a l  p o s i t i o n  of t h e  o t h e r  w a s  c o n t r o l l e d  by t h e  




FIGURE 4 ACCOMMODATION RESPONSES: 
TA-7529-70 
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c o i n c i d e n t ;  t h a t  is, when w e  c h a n g e d   t h e   h e i g h t   o f   o n e   l i n e ,   t h e y  were 
t o  change   the i r   accommodat ion  so t h a t  t h e  o t h e r  l i n e  f e l l  o n  t o p  o f  i t .  
B o t h  s u b j e c t s  c o u l d  p e r f o r m  t h i s  t a s k  a f t e r  j u s t  a few  seconds  of  prac- 
t i ce .  T h a t  is, t h e   t r a n s f e r   f r o m   t h e   f i r s t  t o  t h e   s e c o n d   t a s k  is g r e a t .  
I t  i s  a s   i f ,   o n c e   t h e   s u b j e c t s   l e a r n e d   t o   c o n t r o l   t h e i r   a c c o l n m o d a t i o n ,  
t hey  cou ld  do  so r e g a r d l e s s  o f  t h e  n a t u r e  o f  t h e  command s i g n a l .  
A f t e r  t h e  s u b j e c t s  were t r a i n e d ,  t h e y  were asked  how t h e y  d i d  i t ,  
a n d   n e i t h e r  was a b l e  t o  v e r b a l i z e   w h a t   h e  was  doing.  They were t h e n  
s p e c i f i c a l l y  a s k e d  w h e t h e r  t h e y  were imag in ing  tha t  an  ob jec t  was  mov ing  
toward  then; o r  away,   and   they   bo th   sa id   “no .”  
We c o n c l u d e   t h a t   a n y   p e r c e p t i b l e  c u e  t o  t h e  d i r e c t i o n  o f  a s t e p  
d i sp lacemen t  of a v i s u a l  t a r g e t  is s u f f i c i e n t  f o r  q s u b j e c t  t o  make an  
accommodative  response,   once he h a s   h a d   t r a i n i n g   i n   w h i c h   h e  is  g iven  
immedia t e   f eedback   abou t   t he   s t a t e  of h is   accommodat ion .  
B e c a u s e   o u r   s u b j e c t s   r e q u i r e d   t h r e e   h o u r s  of p r a c t i c e  for  t h e  f i r s t  
t a s k  and v i r t u a l l y  none f o r  t h e  second,  i t  is e v i d e n t   t h a t   e v e n   o u r  
e x p e r i e n c e d  s u b j e c t  d i d  n o t  p o s s e s s  t h i s  s k i l l  w h e n  he Pirs t  began a s  
a s u b j e c t ,   n o r   d i d  h e  a c q u i r e  i t  d u r i n g   o u r   e a r l i e r   c x p c r i m e n t s ,  in 
which w e  r e c o r d e d  h i s  r e s p o n s e s  t o  v i s u a l  s t i m u l i  a t  c h a n g i n g  d i s t a n c e s .  
However, t h a t   d o e s   n o t  r u l e  o u t   t h e   p o s s i b i l i t y   t h a t  ou1’ s u b j e c t s   n o r m a l l y  
u s e  a v a r i e t y  o f  c u e s  r e l a t e d  t o  t h e  v i s u a l  image when f o c u s i n g  on v i s u a l  
t a r g e t s ,  e v e n  w i t h o u t  t h e  k i n d  o f  t r a i n i n g  d e s c r i b e d  a b o v e .  
I n  t h e  t r a i n i n g  p r o c e d u r e s  d e s c r i b e d  h e r e ,  c h a n g e s  i n  t h e  s u b j e c t s ’  
accommodation level h a v e  v i r t u a l l y  no  e f f e c t  o n  t h e  b l u r  of t h e  1 - e t i n a l  
image,  and  the  feedback  about  accommodation i s  i n  t h a t  s e n s e  e n t i r e l y  
a r t i f i c i a l .  On t h e   o t h e r   h a n d ,   d u r i n g   n o r m a l   v i s u a l   e x p e r i e n c e ,   i f  some 
c u e   s u c h   a s  a c h a n g e  i n  r e t i n a l  image s i z e  were t o  e l i c i t  an  accommodative 
response ,   feedback   would   be   p rovided   th rough  changes   in   the   b lur  of the 
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image i t s e l f ,  w h i c h  may be a f o r m  o f  f e e d b a c k  t h a t  t h e  v i s u a l  s y s t e m  i s  
well t a i l o r e d   t o   a c c e p t .   I n   o t h e r   w o r d s ,  i t  i s  p o s s i b l e   t h a t   s u b j e c t s  
may r e q u i r e  o n l y  a s h o r t  time t o  l e a r n  t o  u s e  any  giverr c u e  for accommo- 
d a t i o n  when t h e   f e e d b a c k  i s  n a t u r a l  ( t h a t  is, a c h a n g e   i n   a c t u a l   b l u r )  
b u t  r e q u i r e  c o n s i d e r a b l e  p r a c t i c e  t o  l e a r n  t h e  d i f f e r e n t  s k i l l  of  con- 
t ro l l i ng   accommoda t ion  when t h e  f e e d b a c k  t h a t  t h e y  m u s t  u s e  i s  a r t i f i c i a l ,  
and  when, a s   i n   o u r   e x p e r i m e n t s ,   t h e   f e e d b a c k   p r o v i d e d  by  b l u r  i s  e r r o n e o u s  
b e c a u s e  t h e  b l u r  d o e s  n o t  a c t u a l l y  c h a n g e  when accommodation  does. 
T h e s e   r e s u l t s   e m p h a s i z e   t h e   e x t r e m e   c a r e   t h a t  is n e c e s s a r y  when 
conduct ing   exper iments   on   the   accommodat ion  s y s t e m  where  the  aim is  t o  
t r y  t o  d i s c o v e r  i t s  b a s i c  c o n t r o l  p r o c e s s e s .  
22  
Appendix 
AN ACCURATE.. NONCONTACTING TWOLDIMEN~ION~C EYS TRACKER 
1. I n t r o d u c t i o n  
I n  t h i s  Appendix, w e  d e s c r i b e  a me thod  o f  eye  t r ack ing  based  on  
t h e   u s e   o f  a p a i r  of r e f l e c t i o n s  f r o m  t h e  e y e .  Th i s   me thod   r equ i r e s   no  
a t t a c h m e n t s  t o  t h e  eye and  can  p rov ide  an  accu racy  and  sens i t i v i ty  on  
t h e  o r d e r  o f  1 - 2  m i n u t e s  o f  a r c  i n  a b s o l u t e  p o s i t i o n  o v e r  a  two- 
d i m e n s i o n a l  v i s u a l  f i e l d  of between 5 and 10  degrees  in  d iameter .  
2 .  B a s i c  Scheme 
a.  T r a n s l a t i o n   A r t i f a c t  
A b a s i c  r e q u i r e m e n t  i n  d e v e l o p i n g  a n  a c c u r a t e  e y e  t r a c k e r  is  
t o  be a b l e  t o  d i f f e r e n t i a t e  b e t w e e n  t r a n s l a t i o n a l  a n d  r o t a t i o n a l  move- 
ments   o f   the  eye .  F i g u r e  5 i s  a schematic   diagram  of   an  eye  with  nominal  
d imens ions .   Suppose   tha t  w e  a t t empt   t o   mon i to r   t he   magn i tude   o f  e y e  
r o t a t i o n  by m o n i t o r i n g  t h e  p o s i t i o n  o f  a s p o t  f i x e d  o n  t h e  f r o n t  s u r f a c e  
of t h e  e y e ,  say  a  mark  on  the  cornea.  We see f rom  F igure  5 t h a t  t h e  
d i s t a n c e  f r o m  t h e  f r o n t  s u r f a c e  o f  t h e  e y e  t o  t he  c e n t e r  o f  r o t a t i o n  is 
about   14 mm, so t h a t  0.5 degree   o f  eye  r o t a t i o n  w o u l d  c a u s e  t h i s  s p o t  
t o  move a p p r o x i m a t e l y  0 . 1  mm i n  r e f e r e n c e  t o  t h e  s u r r o u n d i n g  s p a c e .  
Tha t  is a ve ry  sma l l  movement a n d  i n  e s s e n c e  is t h e  s o u r c e  o f  t h e  p r o b -  
l e m .  By m o n i t o r i n g   o n l y   t h e   p o s i t i o n   o f   s u c h  a spot', w e  c o u l d   n o t  
d i s t i n g u i s h  0.5 degree of e y e  r o t a t i o n  f r o m  0.1 mm of e y e  t r a n s l a t i o n ,  
because  both  would  cause  exac t ly  the  same s h i f t  i n  t h e  s p o t  p o s i t i o n .  
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FIGURE 5 NOMINAL EYE DIMENSIONS 
h a v e   v e r y   d i f f e r e n t   e f f e c t s   o n   t h e   r e t i n a l   i m a g e .  For  a n   o b j e c t  a t  in- 
f i n i t y ,  f o r  e x a m p l e ,  t h e  p o s i t i o n  o f  t h e  r e t i n a l  image i s  comple t e ly  
u n a f f e c t e d  by t r a n s l a t i o n a l  m o v e m e n t s ,  w h e r e a s  t h e  s h i f t  i n  r e t i n a l  
p o s i t i o n  i s  d i r e c t l y   p r o p o r t i o n a l   t o   t h e   m a g n i t u d e   o f   r o t a t i o n .   I f   t h e  
v i s u a l  t a r g e t  were one meter f rom the  e y e ,  0 .1  mm o f  t r a n s l a t i o n  w o u l d  
s h i f t  t h e  p o i n t  o f  f i x a t i o n  0 . 1  mm, b u t  a 0 . 1  mm s h i f t  r e s u l t i n g  f r o m  
r o t a t i o n  of t h e  e y e  w o u l d  s h i f t  t h e  f i x a t i o n  p o i n t  a b o u t  9 mm. 
24 
Although w e  do  not  know j u s t  how  much t h e  e y e  a c t u a l l y  
r ' w o b b l e s ' l  o r  t r a n s l a t e s  i n  i t s  s o c k e t ,  t h e  c o m b i n e d  t r a n s l a t i o n  o f  e y e  
a n d  h e a d ,  e v e n  w i t h  t h e  h e a d  p o s i t i o n  c a r e f u l l y  f i x e d ,  h a s  b e e n  r e p o r t e d  
t o   b e   a s  much a s  a f ew  t en ths   o f  a millimeter. I n   t h i s   e v e n t ,   o n e   c o u l d  
n o t  m e a s u r e  a n g u l a r  p o s i t i o n  o f  t h e  e y e  m o r e  a c c u r a t e l y  t h a n  a b o u t  1 t o  
2 degrees   o f  a rc  by t r a c k i n g  a p o i n t   o n   t h e   f r o n t   o f   t h e   e y e b a l l .  E y e  
t r a c k e r  s c h e m e s  b a s e d  o n  t h e  u s e  o f  t r a c k i n g  a s i n g l e  "mai-k," s a y  a 
c o r n e a l  r e P l e c t i o n  o f  a p o i n t  o f  l i g h t ,  t h u s  s u f f e r  f r o m  s u c h  t r a n s l a -  
t i o n a l   a r t i f a c t s .   T h e   a r t i f a c t   a p p e a r s   a s  a wander ing   base   l i ne .   The  
b a s i c  a p p r o a c h  t a k e n  i n  t h e  i n s z r u m e n t  d e s c r i b e d  b e l o w  is  t o  m o n i t o r  
two s p o t s  t h a t  move t o g e t h e r  u n d e r  t r a n s l a t i o n  b u t  d i f f e r e n t i a l l y  u n d e r  
ro t a t ion .   The   two   "marks"   i n   t h i s   ca se   a r e  two p a r t i c u l a r   r e f l e c t i o n s  
f rom  the  e y e .  
b .   Purk in je   Images  
A s  l i g h t  p a s s e s  t h r o u g h  t h e  e y e ,  r e f l e c t i o n s  o c c u r  a t  e v e r y  
i n t e r f a c e  a t  which   there  is a c h a n g e   i n   d i e l e c t r i c   c o n s t a n t .   T h e r e   a r e  
f o u r   s u r f a c e s   w h e r e  s u c h  r e f l e c t i o n s   o c c u r .  T h e  images  formed by t h e s e  
r e f l e c t i o n s  a r e  well known a n d  a r e  g e n e r a l l y  r e f e r r e d  1 0  a s  P u r k i n j e  
images. 
The v i r t u a l  image   of   the   source   tha t  i s  formed  by l i g h t  re- 
f l e c t e d  f r o m  t h e  f r o n - t  o f  t h e  c o r n e a  i s  r e f e r r e d  t o  a s  t h e  f i r s t  P u r k i n j e  
image, o r   s i m p l y   t h e   " c o r n e a l   r e f l e c t i o n . "  A second  Purk in je   image ,  
formed  by l i g h t  r e f l e c t e d  f r o m  t h e  r e a r  s u r f a c e  of t h e   c o r n e a ,  is a lmos t  
e x a c t l y  c o i n c i d e n t  w i t h  t h e  f i r s t  P u r k i n j e  i m a g e ,  a l t h o u g h  m o r e  t h a n  100 
times dimmer because   o f   the  much s m a l l e r  d i e l e c t r i c  c h a n g e  f r o m  c o r n e a  
t o   a q u e o u s .   L i g h t   t h a t   p a s s e s   t h r o u g h   t h e   c o r n e a   p a s s e s   i n   t u r n   t h r o u g h  
the   aqueous  humor a n d   t h e n   t h e   l e n s   o f   t h e  e y e .  The t h i r d  P u r k i n j e  
image, a l s o  a v i r t u a l  image, i s  formed  by l i g h t  r e f l e c t e d  f r o m  t h e  f r o n t  
25 
s u r f a c e   o f  the l e n s .   T h i s  image is l a r g e r   a n d  more d i f f u s e   t h a n   t h e  
o t h e r s  a n d ,  a s  w e  w i l l  see l a t e r ,  i s  formed i n  a p l a n e  r e l a t i v e l y  f a r  
f rom the p l a n e  of t h e   o t h e r   i m a g e s .   T h e   f o u r t h   P u r k i n j e   i m a g e  is formed 
b y  l i g h t  r e f l e c t e d  f r o m  t h e  r e a r  s u r f a c e  of t h e  l e n s ,  w h e r e  t h e  l e n s  
f o r m s  a n  i n t e r f a c e  w i t h  t h e  v i t r e o u s  humor t h a t  f i l l s  t h e  bulk of t h e  
e y e b a l l .   T h i s   r e a r   s u r f a c e   o f   t h e   l e n s   a c t s   a s  a c o n c a v e   m i r r o r ,   f o r m i n g  
a r e a l  image of t h e  source.  
I n  t h i s  i n s t r u m e n t ,  w e  u s e  t h e  f i r s t  a n d  f o u r t h  P u r k i n j e  re- 
f l e c t i o n s   a s   t h e  two  "marks" t o   t r a c k .   T h e s e   m a r k s  1:Iove t o g e t h e r   u n d e r  
e y e   t r a n s l a t i o n   b u t   d i f f e r e n t i a l l y   u n d e r   e y e   r o t a t i o n .   L e t   u s   c o n s i d e r  
now some o f   t h e   b a s i c   f e a t u r e s   o f   t h e s e  t w o  i m a g e s .   ( L a t e r ,  w e  w i l l  
c o n s i d e r   t h e   n a t u r e   o f   t h e   t h i r d   r e f l e c t i o n  a s  wel l ,  because  i t  i s  i n ] -  
p o r t a n t  t o  be s u r e  t h a t  l i g h t  i'rom t h i s  image  docs not  i n t e r f e r e  w i t h  
d e t e c t i o n   o f   t h e   f i r s t   a n d   i ' o u r t h   r e l e c t i n s . )  I 
T h e  b a s i c  i m a g i n g  p r o p e r t y  o f  p o s i t i v e  a n d  n e g a t i v e  m i r r o r s  
is shown i n  F i g u r e  6 f o r  t h e  c a s e  of a d i s t a n t  s o u r c c ,  i . e . ,  collimated 
i n p u t   l i g h t .   C o n s i d e r  i ' i rst  Lhe image  i'ormed  by n p o s i t i v e  ( i . e . ,  con- 
v e x )   m i r r o r .   ( I g n o r e   t h e   i n c o m i n g   r a y s  i'ronl the lel't f o r  the n ~ o n ~ n t . )  
Input   ray A nlakcs an angle  e wi th   t he   r ad ius   d rawn  to  the i n t e r c e p t  
p o i n t  P.  T h e   r e f l e c t e d   r a y ,  A ' ,  s i m i l a r l y   m a k e s  a n  a n g l e  e with the 
r a d i u s .  I f  t h i s  r e l ' l e c t e d   r a y  i s  ex tended   backwards ,  i t  in tersects  a t  
a n   a n g l e  28 t h e  r a y  p a r a l l e l  t o  A and  drawn  through  the center of   curva-  
t u r e ,  C .  T h e   i n t e r s e c t i o n   p o i n t  w i l l  be  a t  a d i s t a n c e  q from Lhe f r o n t  
of t he   mi r ro r ,   where  
o r  
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FIGURE 6 REFLECTION OF A  DISTANT  SOURCE  IN  A  POSITIVE  AND 
NEGATIVE MIRROR 
For sma l l  0 ,  w e  h'ave q fi: r /2 ,  which is the  well-known f o c a l  l e n g t h  f o r  
a m i r r o r ,   a n d   t h i s   r e p r e s e n t s   t h e  image   p lane   for  a d i s t a n t   o b j e c t .   T h i s  
I t  r /2   p lane"  is t h e  p a r a x i a l  f o c a l  l e n g t h ,  t h a t  is ,  f o r  r a y s  n e a r  t h e  a x i s .  
F o r  o f f - a x i s  r a y s  ( i . e . ,  f o r  l a r g e  e), q d e c r e a s e s  r a p i d l y  w i t h  8 ( e .g . ,  
q = 0 f o r  e = 6 0 ° ) ,  w h i c h  a c c o u n t s  f o r  t h e  " s p h e r i c a l  a b e r r a t i o n ' '  o f  a 
s p h e r i c a l  m i r r o r  s u r f a c e  ( i .e. ,  a s p h e r i c a l  s u r f a c e  is n o t  t h e  p r o p e r  
s h a p e   f o r   p e r f e c t   i m a g i n g   o f  a co l l ima ted   bund le   o f   r ays ) .  However, t h e  
d e t a i l s  o f  t h e  a b e r r a t i o n  a r e  b e y o n d  t h e  s c o p e  o f  t h e  p r e s e n t  d i s c u s s i o n ,  
a n d  i n  any c a s e  a r e  n o t  c r i t i c a l  t o  t h e  o p e r a t i o n  of t he  dev ice .  
Ray t r a c i n g  w i t h  a n e g a t i v e  ( c o n c a v e )  m i r r o r  is s i m i l a r  t o  t h a t  
w i t h  a p o s i t i v e  m i r r o r .  T h e  same m i r r o r  of F i g u r e  6 s e r v e s  a s  a n e g a t i v e  
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l e n s   f o r   t h e   d a s h e d   r a y s   i m p i n g i n g   f r o m   t h e   l e f t .   F o r   e x a m p l e ,   r a y  B, 
which i s  a l o n g  t h e  same l i n e  a s  r a y  A, is r e f l e c t e d  a s  r a y  B', which 
i s  a l o n g   t h e  same l i n e  a s  r a y  A' .  Thus w e  see t h a t   t h e  same r e l a t i o n s  
h o l d  f o r  a n e g a t i v e  m i r r o r  a s  f o r  a p o s i t i v e  o n e .  
L e t  u s  c o n s i d e r  n e x t  t h e  p o s i t i o n s  o f  t h e  f i r s t  a n d  f o u r t h  
P u r k i n j e   i m a g e s   i n   t h e  e y e .  The f i r s t  P u r k i n j e  image is formed by l i g h t  
r e f l e c t e d   f r o m   t h e   f r o n t   s u r f a c e   o f   t h e   c o r n e a .   F o r  a d i s t a n t   s o u r c e ,  
t h e   ( v i r t u a l )   c o r n e a l   i m a g e   w o u l d   b e   i n   t h e   p l a n e   i n d i c a t e d   b y   t h e   s o l i d  
d o t  i n  F i g u r e  7 ( a ) ,  i . e . ,  a t  a d i s t a n c e  r / 2  = 3 . 9  mm f r o m  t h e  f r o n t  s u r -  
f a c e   o f   t h e   c o r n e a .   T h e   f o u r t h   P u r k i n j e   i m a g e  is formed  by l i g h t  t h a t  
p a s s e s  b a c k  o u t  t h r o u g h  t h e  c o r n e a  a f t e r  r e f l e c t i o n  f r o m  t h e  r e a r  s u r f a c e  
o f   t h e   e y e   l e n s .  An e q u i v a l e n t   s i n g l e   m i r r o r   t h a t   w o u l d   f o r m   t h e   i d e n -  
t i c a l  r e a l  image is shown  by t h e   h e a v y   l i n e   i n   F i g u r e   7 ( a ) .   T h e   r a d i u s  
of t h i s   m i r r o r ,   f o r   r e l a x e d   a c c o m m o d a t i o n ,  is abou t  5.8 mm (compared 
w i t h  t h e  c o r n e a l  r a d i u s  of a b o u t  7 .8  mm) and i t s  c e n t e r  i s  c l o s e  t o  t h e  
c o r n e a l   s u r f a c e . 4   T h e   p o s i t i o n  of t h e   ( r e a l )   f o u r t h   P u r k i n j e   i m a g e  i s  
shown  by t h e  o p e n  d o t  i n  F i g u r e  7,  and w e  see t h a t  i n  t h e  unaccommodated 
c o n d i t i o n  t h e  p l a n e s  o f  t h e  f i r s t  a n d  f o u r t h  i m a g e s  a r e  a l m o s t  i d e n t i c a l .  
For  8.6 diopters   of   accommodat ion,   which i s  a l a rge   magn i tude ,   t he   equ iva -  
l e n t  m i r r o r  c h a n g e s ,  a s  shown, t o  a b o u t  5 .2  mm r a d i u s  w i t h  i t s  c e n t e r  
s h i f t e d   s l i g h t l y   f a r t h e r   f r o m   t h e   c o r n e a l   s u r f a c e ,   a l t h o u g h   t h e   i m a g e  
p l a n e   r e m a i n s   a l m o s t   c o n s t a n t .  We w i l l  comment l a t e r  o n  t h i s  c h a n g e  i n  
image s ize  and   pos i t ion   wi th   accommodat ion .   Another  e f f g c t  t h a t  w e  w i l l  
c o n s i d e r  l a t e r  is t h e  e f f e c t  o f  p u p i l  s i z e  o n  t h e  f o u r t h  P u r k i n j e  i m a g e .  
N o t e  t h a t  l i g h t  c o n t a i n e d  i n  t h e  c o r n e a l  r e f l e c t i o n  n e v e r  a c t u a l l y  
e n t e r s   t h e   e y e .  However, l i g h t   f r o m   t h e   f o u r t h  image p a s s e s   t h r o u g h  
t h e   p u p i l  twice. Thus ,   changes   i n   pup i l  s ize  can   have  a s i g n i f i c a n t  
e f f e c t   o n   t h e   f o u r t h   i m a g e .  
28 
(a) POSITION  OF  EQUIVALENT  FOURTH  PURKINJE MIRROR FOR UNACCOMMODATED 




Ib) ASSUMING, FOR SIMPLICITY, THAT THE FIRST PURKINJE MIRROR ( C o r m )  A N D  
EQUIVALENT FOURTH PURKINJE MIRROR FORM A SYMMETRICAL "CLAM-SHELL" 
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FIGURE 7 OPTICS OF PURKINJE IMAGE  FORMATION 
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For p u r p o s e s  of e x p l a n a t i o n ,  i t  i s  o f t e n  c o n v e n i e n t  t o  assume 
t h a t  t h e  e q u i v a l e n t  mirror f o r  the f o u r t h  P u r k i n j e  i m a g e  h a s  t h e  same 
c u r v a t u r e  a s  t h e  c o r n e a  a n d  t h a t  t h e y  a r e  s e p a r a t e d  by e x a c t l y  t h e i r  
r a d i u s   o f   c u r v a t u r e .   T h i s   c o n f i g u r a t i o n   r e s e m b l e s   t h e   c l a m - s h e l l   a r r a n g e -  
ment  shown i n  F i g u r e  7(b), C b e i n g   t h e   c e n t e r   o f   c u r v a t u r e  f o r  t h e  
c o r n e a   ( f i r s t   P u r k i n j e   i m a g e )   a n d  C t h e   c e n t e r   o f   c u r v a t u r e   f o r   t h e  
f o u r t h  P u r k i n j e  i m a g e .  
1 
4 
From F i g u r e  8 ( a > ,  w e  see t h a t   t h e   d i s t a n c e   t h a t   e a c h   i m a g e  
moves a s  a c o n s e q u e n c e   o f   e y e   r o t a t i o n  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
d i s t a n c e  from t h e  c e n t e r  of r o t a t i o n  t o  t h e  c e n t e r  of c u r v a t u r e   o f   t h e  
s u r f a c e   t h a t   f o r m s  i t .  T h e s e   d i s t a n c e s  a r e  approx ima te ly  6 mnl and 13 mm 
f o r  t h e   f i r s t  a n d   f o u r t h   i m a g e s ,   r e s p e c t i v e l y .  Thu;, when the e y e  
r o t a t e s   t h r o u g h   a n   a n g l e  A w i t h   r e s p e c t   t o   t h e   i n p u t   a x i s ,   t h e  two 
images, a s  v iewed  f rom  the   input  a x i s ,  will s e p a r a t e  b y  a d i s t a n c e  
a s  p l o t t e d  i n  F i g u r e  8(b). These  a r e  t h e  nlagni t u c k s  of ~nouen~ent  with 
r e s p e c t   t o   a b s o l u t e   s p a c e .  However, w i th   r e spec t .  t o  eye s p a c e  ( i . e . ,  
a s   v i e w e d   f r o m   t h e   v i s u a l  a x i s )  t h e   i m a g e s   a c t u a l l y  move i n   o p p o s i t e  
d i r e c t i o n s .   T h i s  i s  because  one image i s  in f r o n t  o f ,  a n d  the o t h e r  
image is behind ,  i t s  c o r 1 ~ s p o n d i n g  c e n t e r  of  c u r v 3 t u r e .  
I n  sunmary ,   the   four th   Purk in je   image  i s  r o u g h l y   t h e  same 
s i z e  and is  formed i n  a l m o s t   e x a c t l y   t h e  same p l a n e  a s  t h e  f i l . s t  P u r k i n j e  
image,   a l though i t  is  less than  100 times a s  b r i g h t .  I f  t he   eye   unde r -  
g o e s  t r a n s l a t i o n - - e .  g . ,  a l a t e r a l  h e a d  movement--both  images move through 
t h e  same d i s t a n c e   a n d   d i r e c t i o n   a s   t h e   e y e .  I f  the e y e   r o t a t e s ,   h o w e v e r ,  
t h e  two images   change   t he i r   s epa ra t ion  in space.   The  change in sepa ra -  
t i o n   b e t w e e n   t h e s e  two  images y i e l d s  a measure of t h e  a n g u l a r  r o t a t i o n  
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FIGURE 8 IMAGE  SEPARATION  WITH  EYE  ROTATION 
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of t h e  e y e ,  a n d  t h e  m e a s u r e  is u n c o n t a m i n a t e d  b y  l a t e r a l  movements. 
T h e  b a s i c  f u n c t i o n  o f  t h e  e y e  t r a c k e r  i s  c o n t i n u a l l y  t o  m o n i t o r  t h e  
s e p a r a t i o n  of these two images   i n  space. 
C. Schematic   Diagram  of  the  System 
We d i s c u s s  h e r e  some of t h e  g r o s s  d e t a i l s  of t h e  inStrUlllent 
and  show some e x p e r i m e n t a l  r e c o r d s  a n d  t h e n  d i s c u s s  i n  m o r e  d e t a i l  
c e r t a i n  of t h e  more c r i t i c a l   e l e m e n t s  of t he .   des ign .  We c o n s i d e r  f i r s t  
a o n e - d i m e n s i o n a l   v e r s i o n ,   o n   w h i c h   t h e   l a t e r   a c c u r a c y   d i s c u s s i o n  i s  
based ,   and   t he   conve r s ion  t o  a two-dimensional   form.  
T h e   b a s i c   o p t i c a l   s y s t e m  is shown i n  F i g u r e  9 .  S t o p  S 
2' 
w h i c h   c o n t a i n s  a 1-cm s q u a r e   h o l e ,  is  l o c a t e d  i n  t h e  f o c a l  p l a n e  of 
l e n s  L a n d   t h e r e f o r e   a p p e a r s  t o  t h e   e y e   a t   o p t i c a l   i n f i n i t y .  The 
o p t i c a l  a x i s  of t h e   e y e  i s  r o t a t e d  h o r i z o n t a l l y  t o  form  an   angle  8 (%15O) 
w i t h   t h e   i n p u t   a x i s ,   w h i c h ,   a c c o r d i n g  to F i g u r e  8 ( b )  r e s u l t s  in n separa-  
t i o n  of abou t  2 mm i n  t h e  f i r s t  a n d   f o u r t h   P u r k i n j e   i m a g e s  of s t o p  S 
These   images   a r e   r educed  by t h e  r a t i o  of the f o c a l  l e n g t h s  of  l e n s  L 
a n d   t h e   r e s p e c t i v e   P u r k i n j e   m i r r o r .   T h u s ,   t h e  images a r e   a b o u t  0 . 2 2  mm 
and 0.16 mm on a s i d e ,   r e s p e c t i v e l y .  'rhese i m a g e s   a r e  i n  t u r n   r e i m a g e d  
by l e n s  L ( a  p a i r  of back-to-back, 175 m m  i o c a l   l e n g t h ,  f / 2 . 5  a e r i a l  
camera   l enses )   and   d iv ided  by bean1 s p l i t t e r  US to  form t w o  separate 
images .   Aper tures  A and A a r e   p o s i t i o n e d  so t h a t   o n l y   t h e   I ' i r s t  
P u r k i n j e  image f a l l s  on t h e   s p l i t - f i e l d   p h o t o c e l l  P and  o n l y  the I 'our th  
P u r k i n j e  image f a l l s  on s p l i t - f ' i c l d  photocell p 'rhe bean] s p l i t t e r  
r e f l e c t s   a b o u t  10 p e r c e n t   o f   t h e   i n c i d e n t   l i g h t   t o w a r d  pl so t h a t   o n l y  
ve ry  l i t t l e  l i K h t  i s  l o s t  I'ronl t he  much diIlllrle1. f'out.th P u l - k i n j c  inlnge. 
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4 '  
The s p l i  1 - f ' i e l d   p h o t o c e l l s  P and  p a1.e s e r v o - c o n t r o l l e d  so 
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tha t   each   image  is c o n t i n u a l l y  c e n t e r e d  on i t s  r e s p e c t i v e  p h o t o c e l l .  
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FIGURE 9 SCHEMATIC  LAYOUT OF THE  OPTICAL 
SYSTEM 
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T h e  f i n a l  o u t p u t  s i g n a l  i s  t h e  d i f f e r e n c e  i n  t h e  e l e c t r i c a l  s i g n a l s  t h a t  
a r e  g e n e r a t e d  i n  e a c h  s e r v o  s y s t e m  t o  m a i n t a i n  a c e n t e r e d ,  n u l l  c o n d i -  
t i o n .  I f  t h e   e y e  t r a n s l a t e s ,  both  images move b y   e x a c t l y   t h e  same amount 
i n  s p a c e ,  a n d  t h e  s i g n a l  i n c r e m e n t s  t h a t  a r e  g e n e r a t e d  i n  e a c h  s e r v o  p a t h  
a r e   n o m i n a l l y   i d e n t i c a l .   T h u s ,   t h e r e  w i l l  be   no   change   i n   t he   ou tpu t  
s i g n a l .  However, i f   t h e  e y e  r o t a t e s   t h e   i m a g e s  move d i f f e r e n t i a l l y   a n d  
t h e  o u t p u t  s i g n a l  w i l l  change   acco rd ing ly .  
L i g h t  s o u r c e  S i s  a GE DFW P r o j e c t i o n  Lamp, w i t h  a 7-mm s q u a r e  
i l  
i t  
is 
d i  
umina t ion   a r ea   and  a b u i l t - i n   r e f l e c t o r .   ( A l t h o u g h   r a t e d   a t  120 v o l t s ,  
is o p e r a t e d   a t   o n l y  80 v o l t s   i n   t h i s   a p p l i c a t i o n . )   T h e   l i g h t   s o u r c e  
imaged  by l e n s  L o n t o   s t o p  S which is a c i r c u l a r   a p e r t u r e  5 mm i n  
meter and  covered by a t i s s u e  p a p e r   d i f f u s e r .   S t o p  S i s  i n   t h e   f o c a l  
1 1' 
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p l a n e   o f   l e n s  L and i s  t h e r e f o r e  imaged i n   t h e   p l a n e   o f   t h e   p u p i l   o f  
t h e  e y e ,  which i s  l o c a t e d   i n   t h e   f o c a l   p l a n e   o f   l e n s  L The  image of 
S a t  t h e  e y e  is  m a g n i f i e d   i n   t h e   r a t i o   o f   t h e   f o c a l   l e n g t h s   o f   l e n s e s  
2 
3 '  
1 
L and L . T h u s ,   t h i s  image i s  180/75 X 5 mm o r  12  mm i n   d i a m e t e r ,  
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which is  a d e q u a t e   t o   f l o o d   t h e   e n t i r e   c o r n e a l   r e g i o n   o f   t h e  e y e .  I n  
o t h e r   w o r d s ,   a l l   o f   t h e   l i g h t   t h a t   a p p e a r s   t o   e m a n a t e   f r o m   s t o p  S p a s s e s  
t h r o u g h   t h i s  12-nlnr r e g i o n  in t h e  f r o n t  of  t h e  e y e .  
2 
The   i npu t   l i gh t   pas ses   t h rough  a near-IR f i l t e r  F, and is  
chopped by wheel C o f  a l t e r n a t i n g  s e g m e n t s  of p o l a r i z e r s  o r i e n t e d  a t  
90 d e g r e e s   t o   e a c h   o t h e r .   W i t h   a n o t h e r   f i x e d   p o l a r i z e r  P o l  i n  each 
o u t p u t  p a t h ,  t h e  s i g n a l  l i g h t  f r o m ' t h e  h i g h l y  s p e c u l a r  f i r s t  a n d  f o u r t h  
P u r k i n j e   i m a g e s   a r e   i n   e f f e c t   c h o p p e d   a t   t h e   f r e q u e n c y   o f   t h e   c h o p p e r  
wheel,  i . e . ,  approx ima te ly  500 Hz. A t  t h i s   f r e q u e n c y  w e  a r e   a b o v e   t h e  
bad " l , / f "  n o i s e   r e g i o n   o f   t h e   s i l i c o n ,   s p l i t - f i e l d   p h o t o c e l l s .   A l t h o u g h  
an   ord inary   chopper   wheel   o f   open   and   c losed   segments   would  serve t h i s  
p u r p o s e  e q u a l l y  w e l l ,  t h i s  m e t h o d  o f  u s i n g  p o l a r i z e r s  h a s  a n o t h e r  ad- 
v a n t a g e .   N a m e l y ,   a n y   d i f f u s e   l i g h t   d e r i v i n g   f r o m   t h e   r e t i n a   o r   o t h e r  
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p a r t s  of t h e  e y e  w i l l  appea r  as a dc   component   and   therefore   no t  a f f e c t  
t h e   a c   c o u p l e d   s i g n a l s   f r o m   t h e   p h o t o c e l l .   T h i s  is because   . the   amount  
of l i g h t  r e f l e c t e d  f r o m  a d i f f u s e  r e f l e c t i o n  is i n d e p e n d e n t  o f  t h e  a n g l e  
o f  p o l a r i z a t i o n  OP t h e  i n p u t  l i g h t ,  w h e r e a s ,  w i t h  a n  o p e n - c l o s e d  s e c t o r  
w h e e l ,  a n y  d i f f u s e  r e f l e c t i o n s  w o u l d  h a v e  t h e  same frequency  components  
a s  t h e  P u r k i n j e  images a n d  c o u l d  n o t  t h e r e f o r e  b e  i s o l a t e d .  
T h e  a n g u l a r  s e p a r a t i o n  8 b e t w e e n   t h e   i n p u t   a x i s   a n d   t h e   o p t i c  
ax i s   o f   t he   eye   has   been   d i scussed .   However ,   t he   v i ewing   sys t em i s  
a c t u a l l y   o n   t h e   o p p o s i t e   s i d e   o f   t h e   v i s u a l   a x i s ,  so t h a t   t h e   i n p u t   a n d  
o u t p u t   a x e s   a r e   a c t u a l l y   s e p a r a t e d  by a n   a n g l e  cy -k 8 .  The  main  considera-  
t i o n   i n   t h e   c h o i c e  of a n g u l a r   s e p a r a t i o n  is  a s  follows. The  input   and 
o u t p u t  a x e s  c o u l d  e a s i l y  b e  made c o i n c i d e n t  by  means of beam s p l i t t e r s ,  
a l t h o u g h   t h i s   h a s  two d i s t i n c t   d i s a d v a n t a g e s .   F l r s t  is t h e   f o u r f o l d  
loss i n   l i g h t   w i t h   d o u b l e - p a s s a g e   t h r o u g h  a 5 0 / 5 0  beam s p l i t t e r .  T h i s  
would be undesirab1.e f rom t h c  v iew o€ s i g n a l - t o - n o i s e   r a t i o .  A second 
d i s a d v a n t a g e  is t h a t   a l t h o u g h  w e  a r e  r e a l l y  o n l y  i n t e r e s t e d  i n  t h e  
P u r k i n j e   r e f l c c t i o n s ,   a n  imagc of s t o p  S is n c v c r t h e l e s s   a l s o   f o r m e d  
o n   t h e   r e t i n a  a n d  n s i g n i f i c a n t  amount 01 r e f l e c t e d  l i g h t  1rom  the 
r e t i n a   p a s s e s   b a c k   o u t   L h r o u g h   t h e   p u p i l .   T h u s ,   v i e w i n g   d i r e c t l y   i n t o  
the  e y e ,  o n e  g e n e r a l l y  sees a pa i l .  of P u r k i n , j e   r e l ' l e c t i o n s  (one nluch 
b r i g h t e r   a n d   s l i g h t l y   l a r g e r   t h a n   t h e   o t h e r )  on a g e n e r a l l y   b r i g h t   b a c k -  
ground of l i g h t  from the r e t i n a .  I n  o t h e r   w o r d s ,   l i g h t  from the r e t i n a  
makes t h e   p u p i l   n r e a   g l o w .  By v iewing  Irom ol ' f -ax is ,   however ,   th i s  
background re t i l m l  l i g h t  is  s u b s t a n t i a l l y  r e d u c e d ,  w i t h  s u b s e q u e n t  i l n -  
provcnlent  in the s i g n a l - t o - n o i s c   r a t i o .   T h i s   a r g u m e n t  i s  r e l e v a n t   m a i n l y  
2 
. t o  specular. components of  t h c   r e t i n a l   r e I l e c t i o n ,   w h i c h   a r c   s u b s l a n t i a l  
i n  l he  near i n f r a r e d ;  c l i f f u s c   1 . e f l e c t i o n s  arc s u b s t a n t i a l l y   e l i n ~ i n n t e d  
through the p o l a r i z c r s .  
3 5  
A p o t e n t i a l  d i s a d v a n t a g e  o f  b e i n g  o f f - a x i s  is t h e  i n c r e a s e d  
o p t i c a l   d i s t o r t i o n   o f   t h e   P u r k i n j e   i m a g e s .   T h e   p r o b l e m   t h a t   t h i s   i n t r o -  
duces i s  d i f f i c u l t  t o  a s s e s s ,  h o w e v e r ,  s i n c e  d i s t o r t i o n  p e r  se d o e s   n o t  
a f f e c t  t h e  p e r f o r m a n c e ,  b u t  o n l y  c h a n g e s  i n  d i s t o r t i o n  w i t h  e y e  movement. 
Thi;   problem seems i n s i g n i f i c a n t  f o r  t h e  r e l a t i v e l y  s m a l l - f i e l d  t r a c k i n g  
t h a t  w e  a r e  c u r r e n t l y  p e r f o r m i n g ,  a l t h o u g h  i t  may w e l l  be  more s i g n i f i c a n t  
i n   a t t e m p t s   t o  make l a r g e r   f i e l d   t r a c k i n g  s y s t e m s .  T h e s e   c o n s i d e r a t i o n s  
o n   a n g u l a r   s e p a r a t i o n   a r e   g e n e r a l ,   i n   t h a t   t h e   e x a c t   a n g l e s   a r e   n o t   t o o  
c r i t i c a l .  More c o n s t r a i n i n g   c o n s i d e r a t i o n s   o n   a n g l e   a r e   i m p o s e d   b y   t h e  
r e q u i r e m e n t s  f o r  m i n i m i z i n g  i n t e r f e r e n c e  f r o m  t h e  t h i r d  P u r k i n j e  image 
a s  d i s c u s s e d  b e l o w .  
d. . Two-Dimensional  Tracker:   Sample  Records 
I n  t h e  o r i g i n a l  o n e - d i m e n s i o n a l  v e r s i o n  o f  t h e  e y e  t r a c k e r ,  
t h e   i n p u t   a n d   o u t p u t   a x e s  of t h e   i n s t r u m e n t   a n d   t h e   o p t i c   a x i s   o f   t h e  
e y e  were i n  a h o r i z o n t a l   p l a n e .  The two Purk in j e   images  were t h u s   h o r i -  
z o n t a l l y   s e p a r a t e d ,   a n d   t h e  two p h o t o c e l l s   s i m p l y   t r a c k e d   v a r i a t i o n s   i n  
h o r i z o n t a l   p o s i t i o n ,   e a c h   w i t h  i t s  own i n d i v i d u a l   d r i v e r ,  a s  shown i n  
F i g u r e  9 .  In   t he   two-d imens iona l   t r acke r ,   however ,   t he   ce l l s  m u s t  t r a c k  
b o t h   h o r i z o n t a l   a n d   v e r t i c a l   m o t i o n .  To a c h i e v e   b o t h   v e r t i c a l   a n d   h o r i -  
z o n t a l  c o n t r o l  b o t h  a h o r i z o n t a l  a n d  v e r t i c a l  s p l i t - f i e l d  c e l l  f o r  each 
image a r e   r e q u i r e d .   T h i s   e f f e c t   c a n   b e   a c h i e v e d   t h r o u g h   t h e  u s e  of a 
q u a d r a n t  c e l l  i n t e r c o n n e c t e d  e l e c t r i c a l l y  ( t h r o u g h  o p e r a t i o n a l  a m p l i f i e r s )  
t o   func t ion   i n   bo th   modes .  'Thus, i n   F i g u r e  10 each  image is  shown a s  
f a l l i n g  o n  a q u a d r a n t  c e l l  Q i n t e r c o n n e c t e d  so t h a t  t h e  h o r i z o n t a l  p o s i -  
t i o n  i s  c o n t r o l l e d  by t h e  d i f f e r e n c e   o f   t h e   s i g n a l s   f r o m   t h e  two r i g h t  
h a l v e s  ( b  4- d)  and Iron1 Lhe two l e f t  h a l v e s  ( a  + c )  and the v e r t i c a l  
p o s i t i o n  is  c o n t r o l l e d  by t h e  d i i ' f e r e n c c  i n  t h e  s i g n a l s  f r o m  t h e  two  top 
h a l v e s  ( a  + b)  and from the   two  bo t tom  ha lves  ( c  + d ) .   T h e s e   s i g n a l s  
(a'+c') - (b'+d') 
(a'+b') - (c'+d') 
1' PURKINJE IMAGE 
; :. . J 
O1 
d 
(a+b) - (c+d) 
TA-7529-74 
FIGURE 10 INTERCONNECTION OF THE TWO TWO-DIMENSIONAL SERVO  DRIVERS 
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d r i v e   m o t o r s   l a b e l e d  M. The   in te rconnec t ion   scheme is  t h e  same f o r   t h e  
two  quadrant  cel ls .  T h e   f i n a l   o u t p u t   s i g n a l s   a r e   d e r i v e d   f r o m   d i f f e r -  
e n c i n g  t h e  h o r i z o n t a l  p o s i t i o n  s i g n a l s  a n d  v e r t i c a l  p o s i t i o n  s i g n a l s  
f rom bo th  cel ls .  
The   Pu rk in j e   images   i n   F igu re  10 a r e  shown d i s p l a c e d  a t  a b o u t  
4 5   d e g r e e s   t o   e a c h   o t h e r .   T h i s  r e su l t s  f r o m   r a i s i n g   t h e   o p t i c a l   a x i s  
o f   t h e   e y e   a b o u t  15 d e g r e e s   f r o m   t h e   h o r i z o n t a l .   W i t h   t h e   i n p u t   a x i s  
a l r e a d y  s h i f t e d  h o r i z o n t a l l y  f r o m  t h e  e y e  a x i s  by abou t  15 d e g r e e s ,  
t h i s  r e su l t s  i n   a n   e f f e c t i v e   i n p u t   a n g l e   a l o n g  a 45 -degree   ax i s .   Th i s .  
a r r a n g e m e n t   w a s   p r i m a r i l y   f o r   c o n v e n i e n c e   i n   t h e   o p t i c a l   a r r a n g e m e n t  
and is  h a r d l y   c r i t i c a l ,   a l t h o u g h   w i t h   t h i s   4 5 - d e g r e e   o r i e n t a t i o n ,   t h e  
a c t i o n  i n  t h e  h o r i z o n t a l  a n d  v e r t i c a l  c h a n n e l s  i s  much more symmetric 
than ,   s ay ,   w i th  a p u r e l y  h o r i z o n t a l  o r  p u r e l y  v e r t i c a l  d i s p l a c e m e n t .  
A t  t h e  time t h i s  r e p o r t  was wr i t t en ,   t he   two-d imens iona l   ve r -  
s i o n  was n o t   s u f f i c i e n t l y   a d v a n c e d   t o   o b t a i n   r e c o r d s .   F i g u r e  11 shows 
a r e c o r d  o f  i n v o l u n t a r y  e y e  movements d u r i n g  c a r e f u l  f i x a t i o n  t a k e n  
f rom  the   o r ig ina l   one -d imens iona l  e y e  t r a c k e r .  I n  g e n e r a l ,   t h e   f r e -  
quency,  magnitude,  and  types  of e y e  movemen t s   a r e   t yp ica l ;  i . e . ,  s m a l l  
s a c c a d e s  a b o u t  5 - 1 0  m i n u t e s  o f  a r c  o c c u r r i n g  a b o u t  twice per   second,  
a p p a r e n t l y   c o r r e c t i n g   f o r   s l o w   d r i f t s   f r o m   t h e   f i x a t i o n   p o i n t .  However, 
two a t y p i c a l   r e s p o n s e   c o m p o n e n t s   a r e   s e e n   i n   t h e   r e c o r d :  a s t r o n g   o v e r -  
s h o o t  c o r r e s p o n d i n g  t o  a b o u t  1 0 - 1 5  m i n u t e s  o f  a r c  f o l l o w i n g  e a c h  s a c c a d e  
and a small “ a n t i c i p a t o r y ”  r e s p o n s e  p r e c e d i n g  e a c h  s a c c a d e .  
T h e  s o u r c e  o f  t h e  a n t i c i p a t o r y  r e s p o n s e  w a s  t r a c e d  t o  t h e  f a c t  
t h a t  t h e  s e r v o r e s p o n s e  t o  a s a c c a d e   o c c u r s   a b o u t  10 m i l l i s e c o n d s  e a r l i e r  
i n   t h e   f i r s t   P u r k i n j e  image t r a c k e r   t h a n   i n   t h e   f o u r t h .   C o n s e q u e n t l y ,  
when one   r eco rd  is s u b t r a c t e d   f r o m   t h e   o t h e r ,   t h e   d i f f e r e n c e   i n   l a t e n c i e s  
a p p e a r s   a s   a n   a n t i c i p a t o r y   r e s p o n s e .   T h e r e   a r e   t w o   p o s s i b l e   e x p l a n a t i o n s  
f o r   t h i s   d i f f e r e n c e   i n   l a t e n c i e s .   T h e   f i r s t  i s  t h a t   t h e   c o r n e a   ( f i r s t  
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FIGURE 11 SAMPLE EYE MOVEMENT RECORDS. Top: output of  entire  eye  tracker. Bottom: output of  first 
Purkinje  image  tracker  alone. 
P u r k i n j e  i m a g e )  a c t u a l l y  moves s o o n e r  t h a n  t h e  l e n s  ( f o u r t h  P u r k i n j e  
image)   dur ing  a s a c c a d e .   T h i s  i s  p l a u s i b l e   s i n c e   t h e   l e n s  is coup led  
t o  t h e  e y e b a l l  t h r o u g h  t h e  c i l i a r y  m u s c l e s ,  w h i c h  w o u l d  f i l t e r  o u t  t h e  
high  f requency  mechanical   components   of   eye  movements .  An a l t e r n a t i v e  
p o s s i b i l i t y  i s  t h a t  i t  i s  caused  by s l i g h t  d i f f e r e n c e s  i n  c i r c u i t r y  a n d  
g a i n  s e t t i n g s  b e t w e e n  t h e  f i r s t  and f o u r t h  s e r v o  s y s t e m s  a n d  t h a t  t h e  
f i r s t   s e r v o   s y s t e m  is  s i m p l y   f a s t e r   t h a n   t h e   f o u r t h .   R e g a r d l e s s   o f   t h e  
c a u s e ,   t h e   c o n s e q u e n c e   o f   t h i s   a r t i f a c t  is r e l a t i v e l y  s m a l l ,  i n t r o d u c i n g  
a t r a c k i n g  e r r o r  o f  no  more t h a n  a few minutes  of a r c .  
The  ove r shoo t  fo l lowing  each  saccade  may be a s e r i o u s  p r o b l e m ,  
and w e  have   no t  y e t  l o c a t e d  i t s  source .   The   ove r shoo t  i s  about  15-20 
minu tes  of arc ,  l a s t s  a b o u t  20 mi l l i seconds ,   and   shows up a s  a s e r v o  
e r r o r   i n   b o t h   t h e   f i r s t   a n d   f o u r t h   t r a c k i n g   s y s t e m s .  However, t he   ove r -  
s h o o t  is c o n s i d e r a b l y  l a r g e r  i n  t h e  f o u r t h  image ( ~ 1 5 - 2 0   m i n u t e s   o f   a r c )  
t h a n   i n   t h e   f i r s t  image (%5 m i n u t e s   o f   a r c ) .   I f   t h i s   e f f e c t  i s  not   an  
e q u i p m e n t   a r t i f a c t ,  i t  may i n d i c a t e  a r e a l  e f f e c t  i n  t h e  n a t u r e  o f  t h e  
eye r e sponse .  For e x a m p l e ,   i f   a f t e r  a s a c c a d e ,   t h e   i n e r t i a   o f   t h e   f r o n t  
o f   t he  e y e  c a u s e s   t h e   c o r n e a   t o   o v e r s h o o t  by 5 minutes   of  arc  ( ~ 1 5  microns)  
or t h e  i n e r t i a  o f  t h e  l e n s  c a u s e s  i t  t o  o v e r s h o o t  by  15-20 minu tes   o f  
a r c   ( 4 5 - 5 0   m i c r o n s ) ,   t h e   c o m p u t e d   a n d   a c t u a l   d i r e c t i o n   o f   t h e   v i s u a l  
a x i s  m u s t  b e  i n  e r r o r  by  a s u b s t a n t i a l  a m o u n t  d u r i n g  t h i s  t r a n s i e n t  
o v e r s h o o t .  
A s i d e   f r o m   t h i s   l a r g e   o v e r s h o o t   p r o b l e m ,   t h e  e y e  t r a c k e r  
r e c o r d s  are good, i . e . ,  small i n v o l u n t a r y  e y e  movements  are c lear ly  
v i s i b l e  and t h e  r e c o r d  i s  f r e e  f r o m  t r a n s l a t i o n  a r t i f a c t ,  w h i c h  g e n e r a l l y  
shows  up a s  a b a s e l i n e  d r i f t .  The l a t t e r  p o i n t  is  i l l u s t r a t e d  i n  F i g u r e  
11, w h i c h   c o m p a r e s   t h e   o u t p u t   o f   t h e   e n t i r e  e y e  t r a c k e r  ( t o p  t r a c e )  w i t h  
t h a t   o f   t h e   f i r s t   P u r k i n j e  i m a g e   a l o n e   ( b o t t o m   t r a c e ) .   T h e   d r i f t i n g   i n  
t h e  b o t t o m  t r a c e  is  a m a n i f e s t a t i o n  o f  t h e  t r a n s l a t i o n a l  movements  of 
t h e  e y e .  
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e. A c c u r a c y   C a l i b r a t i o n  
To o b t a i n  a q u a n t i t a t i v e  e s t i m a t e  o f  how a c c u r a t e l y  t h e  e y e  
t r a c k e r  m o n i t o r s  e y e  movements ,   the   t racker   was  used  together   with  an 
a u x i l i a r y   s y s t e m  to  " s t a b i l i z e "   a n   i m a g e   o n   t h e   r e t i n a .   ( T h i s  w a s  done 
o n l y   i n   c o n n e c t i o n   w i t h   t h e   o r i g i n a l   o n e - d i m e n s i o n a l   v e r s i o n . )  For t h i s  
pu rpose ,  w e  measured how w e l l  t h e  c o m p o s i t e  s y s t e m  s t a b i l i z e d  t h e  i m a g e ,  
u s i n g  a m o d i f i c a t i o n  of a technique  developed  by  Barlow. '   Because  the 
e y e  t r a c k e r   m u s t   b e   a t   l e a s t   a s   g o o d   a s   t h e   w h o l e   s y s t e m ,   t h e   a c c u r a c y  
o f  s t a b i l i z a t i o n  may be  t aken  a s  a c o n s e r v a t i v e  estimate o f  t h e  a c c u r a c y  
o f   t h e  eye t r a c k e r  i t s e l f .  
The   e s sence  of t h i s  t e c h n i q u e  is t o  compare   t he   pos i t i on   o f  
an   a f t e r image  ( w h i c h  is c a u s e d  b y  e v e n t s  o c c u r r i n g  w i t h i n  t h e  r e t i n a  
a n d   t h e r e f o r e  i s  p e r f e c t l y  s t a b i l i z e d  w i t h  r e s p e c t  t o  t h e  r e t i n a ' )  w i t h  
t h e  p o s i t i o n  of an image t h a t  is s t a b i l i z e d  by means   o f   t he   op t i ca l  
s y s t e m .  I f  t h e   s t a b i l i z i n g  s y s t e m  d o e s   n o t   f u l l y   c o m p e n s a t e  f o r  e y e  
movements, t h e   s e p a r a t i o n   b e t w e e n   t h e   a f t e r i m a g e  a n d  t h e  s t a b i l i z e d  
image w i l l  va ry  a s  a f u n c t i o n   o f  time; the  magni1,ude o€  t h e  c h a n g e   i n  
s epa ra t ion   f rom  one  moment t o  the   next  may be  taken a s  a d i r e c t   m e a s u r e -  
ment  of 
schemat 
t h e  s y s t e m ' s  a b i l i t y  to  compensate   for  e y e  movements. 
T h e  a u x i l i a r y  o p t i c a l  s y s t e m  u s e d  i n  Lhese e x p e r i m e n t s  i s  
i c a l l y  i'n F i g u r e   1 2 .  A l l  o f   t h e   o p t i c s   a b o v e   m i r r o r  M cons  
R 
shown 
t i  t u t e  
a s tandard   two-channel   Maxwel l ian   v iew  s t imula t ing  s y s t e m .  M i r r o r  M 
w h i c h  o c c u p i e s  t h a t  p o s i t i o n  n o r m a l l y  o c c u p i e d  by t h e  e y e  o f  t h e  o b s e r v e r ,  
i s  mounted  on a high-qual i ty   galvanometer   and  imaged by means of l e n s e s  
L and L i n   t h e   p l a n e   o f   t h e   s u b j e c t ' s   p u p i l .   K o t a t i o n  of m i r r o r  M 
c a u s e s   t h e   i n a g e   t o   s h i f t   l a t e r a l l y   w i t h   r e s p e c t   t o   t h e  e y e  axis. Lenses 
L and L a r e   s e p a r a t e d   b y   t h e  sum of t h e i r   f o c a l   l e n g t h s  so t h a t   t h e  
t a r g e t  p l a n e  of the   Maxwel l i an   v i ew  s t imu la t ing   sys t em is imaged i n  t h e  
R'  
1 2 R 
1 2 
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f o c a l   p l a n e  of l e n s  L T h i s   o p t i c a l  s y s t e m ,  t h e n ,   i m a g e s   t h e   l i g h t  
s o u r c e  i n  t h e  p l a n e  of t h e  s u b j e c t ' s  p u p i l  a n d  p r e s e n t s  t h e  t a r g e t  t o  
him a t  o p t i c a l  i n f i n i t y .  
2' 
T h e   o u t p u t   s i g n a l   f r o m   t h e  e y e  t r a c k e r  is a p p r o p r i a t e l y  f i l -  
t e r e d  and   ampl i f ied   and  is u s e d  t o  d r i v e  t h e  mirror galvanometer .  When- 
e v e r  t h e  s u b j e c t ' s  e y e  moves, t h e  v o l t a g e  a t  t h e  o u t p u t  of t h e   e y e  
t r a c k e r  c h a n g e s  by an  amoun t  p ropor t iona l  t o  the  magn i tude  o f  t ha t  eye  
movement. T h i s   v o l t a g e   c h a n g e  causes t h e  m i r r o r  t o  r o t a t e  b y  the  amount 
n e c e s s a r y   t o   " s t a b i l i z e "   t h e  image   on   the   re t ina .   Because   the   eye  move- 
m e n t s  b e i n g  t r a c k e d  a r e  small (no   more   than  30'), t h e  f r o n t  o f  t h e  e y e  
never  moves by  more than  abou t  0 . 1  mm and  the  image  o f  t he  ro t a t ing  
m i r r o r  r e m a i n s  w e l l  c e n t e r e d  i n  t h e  s u b j e c t ' s  p u p i l .  
With t h i s   c o m p o s i t e   o p t i c a l - e l e c t r o n i c   s y s t e m ,   t h e   f o l l o w i n g  
p rocedure  was u s e d   t o   m e a s u r e   s t a b i l i z a t i o n   a c c u r a c y .   W i t h   t h e   s u b j e c t  
c a r e f u l l y  f i x a t i n g  a p o i n t   s o u r c e ,  a b r i g h t  v e r t i c a l  s l i t  ( 4 '  X 1 2 ' )  was 
f l a s h e d   j u s t   b e l o w   h i s   f i x a t i o n   p o i n t .   S e v e n   s e c o n d s  l a t e r ,  a p a i r  of 
p a r a l l e l  v e r t i c a l  s l i t s  ( b o t h  4 '  X 12'  a n d   s e p a r a t e d  by 4 ' )  was f l a s h e d .  
I f  t h e r e  were n o  e r r o r s  i n  t r a c k i n g  o r  s t a b i l i z a t i o n ,  t h e  a f t e r i m a g e s  
of t h e  t h r e e  s l i t s  wou ld  fo rm the  pa t t e rn  shown i n  t h e  u p p e r  p o r t i o n  of 
t h e   i n s e t   t o   F i g u r e  12 .  I f   t h e r e  were a t r a c k i n g  or s t a b i l i z a t i o n  e r r o r ,  
t he   a f t e r images   wou ld  be m i s a l i g n e d ,  a s  shown i n  t h e  l o w e r  p o r t i o n  of t h e  
i n s e t .  
To e v a l u a t e  t h e  d i s p a r i t y  w i t h i n  t h e  a f t e r i m a g e  p a t t e r n ,  t h e  
s u b j e c t  was p r o v i d e d  w i t h  a d e v i c e  c o n t a i n i n g  a p a i r  of f i x e d  l i n e s  a n d  
a n  a d j u s t a b l e  l i n e  n o m i n a l l y  i d e n t i c a l  w i t h  t h o s e  p r e s e n t e d  i n  t h e  d i s -  
p l a y   f l a s h e s .   A f t e r   e a c h   p a i r   o f   f l a s h e s ,   t h e   s u b j e c t  got o f f   t h e   b i t e  
bar a n d  " p r o j e c t e d "  t h e  a f t e r i m a g e  o n t o  a b l a n k  f i e l d  t h a t  was i l l u m i -  
na ted   by  a f l i c k e r i n g   l i g h t .   A f t e r   e x a m i n i n g   t h e   a f t e r i m a g e  i n  t h i s  
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m a n n e r ,  h e  a d j u s t e d  t h e  p o s i t i o n  of t h e  s i n g l e  l i n e  u n t i l  t h e  r e l a t i o n -  
s h i p  b e t w e e n  t h e  s i n g l e  a n d  d o u b l e  l i n e s  i n  t h e  d e v i c e  m a t c h e d  t h e  a f t e r -  
image.  [The s u b j e c t ' s  a b i l i t y  t o  make th i s   type   o f   judgment   was   measured  
i n d e p e n d e n t l y  b y  o f f s e t t i n g  t h e  s i n g l e  a n d  d o u b l e  l i n e s  i n  t h e  s t i m u l a t i n g  
system by a f ixed  amoun t  ( e .g . ,  1 m i n )  a n d  ' f l a s h i n g  t h e  s i n g l e  a n d  d o u b l e  
l i n e s   s i m u l t a n e o u s l y .   T h e   s u b j e c t   t h e n   a d j u s t e d   h i s   d e v i c e   t o   m a t c h   t h e  
a f t e r i m a g e ;  t h e  a d j u s t m e n t  p r o v e d  a c c u r a t e  t o  w i t h i n  0.15I.l 
S t a b i l i z a t i o n  m e a s u r e m e n t s  were made u n d e r  t w o  d i f f e r e n t  c o n -  
d i t i o n s .   I n   o n e   c o n d i t i o n ,   t h e   s u b j e c t   r e m a i n e d   o n   t h e   b i t e   b a r   a n d  
m a i n t a i n e d  f i x a t i o n  d u r i n g  t h e  7 - s e c o n d  i n t e r v a l  b e t w e e n  t h e  t w o  f l a s h e s ;  
i n  t h e  o t h e r  c o n d i t i o n ,  h e  g o t  o f f  a n d  t h e n  b a c k  o n  t h e  b i t e  b a r  b e t w e e n  
t h e  two f l a s h e s .  The s t a b i l i z a t i o n   e r r o r s  were approximate ly   normal ly  
d i s t r i b u t e d   i n   b o t h   c o n d i t i o n s .   T h e   s t a n d a r d   d e v i a t i o n s  were 1.1 minu tes  
o f  a r c  f o r  t h e  f i r s t  c o n d i t i o n  a n d  1 . 2  minutes   o f  a r c  f o r  t h e  s e c o n d .  
T h e s e  r e s u l t s  c o m p a r e  f a v o r a b l y  w i t h  t h o s e  o b t a i n e d  u s i n g  o t h e r  
t y p e s   o f   s t a b i l i z a t i o n .   B a r l o $   d e t e r m i n e d   t h a t   h e   s t a n d a r d   d e v i a t i o n  
o f  s t a b i l i z a t i o n  e r r o r s  f o r  a " t i g h t l y  f i t t i n g "  s c l e ra l  c o n t a c t  l e n s ,  
w i th  op t i c s  moun ted  d i r e c t l y  o n  t h e  c o n t a c t  l e n s ,  was a b o u t  3-5 minu tes  
o f   a r c .   T h e   s t a n d a r d   d e v i a t i o n  for. a small c u p   a p p l i e d  t o  the   co rnea   by  
s u c t i o n  a n d  s i m i l a r l y  c a r r y i n g  t h e  o p t i c s  f o r  s t a b i l i z a t i o n ,  was 0.6 t o  
0 .7  minu tes   o f   a r c .   R iggs   and   Sch ick7   de t e rmined   t ha t   t he   s t anda rd   dev ia -  
t i o n  f o r  a t i g h t l y  f i t t i n g  c o n t a c t  l e n s  w i t h  a small p lane  mir ror  mounted  
d i r e c t l y   o n  i t  was 0 . 4  m i n u t e s   o f   a r c .   T h u s ,   t h e   P u r k i n j e   i m a g e   t r a c k e r  
i n  i t s  p r e s e n t  f o r m  is p r o b a b l y  more a c c u r a t e  t h a n  most of the c o n t a c t  
l e n s  e y e  t r a c k i n g  a n d  s t a b i l i z a t i o n  d e v i c e s  t h a t  h a v e  b e e n  u s e d  i n  t h e  
pas t ,   and  is s l i g h t l y  less a c c u r a t e  t h a n  t h e  b e s t  o n e s .  
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3. D e s i g n   C o n s i d e r a t i o n s  
a .   I n t e r f e r e n c e   b y   t h e   T h i r d   P u r k i n j e   I m a g e  - 
T h e  b a s i c  e y e  t r a c k e r  s y s t e m  o p e r a t e s  by m e a s u r i n g  t h e  d i f -  
f e r e n c e  i n  p o s i t i o n  o f  t h e  f i r s t  a n d  f o u r t h  P u r k i n j e  i m a g e s ,  w h i c h  l i e  
i n  a l m o s t  e x a c t l y  t h e  same p lane   and  are s i m i l a r  i n  size,  a l t h o u g h  t h e  
f i r s t  is much b r i g h t e r   t h a n   t h e   f o u r t h ,  However, t h e   t h i r d   P u r k i n j e  
image is a l w a y s   p r e s e n t ,   a n d   s i n c e  i t  i s  a b o u t  a s  b r i g h t  as t h e  f o u r t h ,  
i t  must  b e  p r o p e r l y  l o c a t e d  so t h a t  l i g h t  from i t  d o e s  n o t  f a l l  o n t o  t h e  
p h o t o d e t e c t o r s .  
.. 
I n  F i g u r e  1 3 ( a ) ,  w e  show t h e  c o n f i g u r a t i o n  o f  a l l  t h e s e  i m a g e s ,  
assuming a 15 d e g r e e   a n g l e   b e t w e e n   t h e   i n p u t   a x i s   a n d   t h e   o p t i c a l   a x i s  
of   the e y e .  The   nomina l   s i ze   and   pos i t i on  of t h e   e q u i v a l e n t   m i r r o r   f o r  
t h e  t h i r d  P u r k i n j e  r e f l e c t i o n  a r e  shown fo r  t he  unaccommoda ted  s t a t e .  
To  s i m p l i f y   t h e   d r a w i n g ,  w e  have   assumed  tha t   the   source   be ing   imaged 
i s  a p o i n t  a t  i n f i n i t y .  
R e c a l l   f r o m   F i g u r e  6 t h a t  t h e  image po in t   o f  a c o l l i m a t e d   i n -  
p u t  beam i s  l o c a t e d  a t  t h e  r / 2  p o s i t i o n  a l o n g  t h e  i n p u t  r a y  p a s s i n g  
t h r o u g h   t h e   c e n t e r  of c u r v a t u r e  of t h e   c o r r e s p o n d i n g   m i r r o r .  I n  o t h e r  
words,  t o  f i n d   t h e   p o s i t i o n   o f   e a c h   P u r k i n j e   i m a g e ,  w e  s i m p l y   p a s s  a 
l i n e  p a r a l l e l  t o  t h e  i n p u t  a x i s  t h r o u g h  e a c h  c e n t e r  of c u r v a t u r e   a n d  
t h e n  mark t h e   c o r r e s p o n d i n g  r/2 p o s i t i o n   o n   e a c h   l i n e .   T h i s  r e s u l t s  
i n   t h e   p a t t e r n   o f   p o i n t   i m a g e s   l a b e l e d  1, 3,  and 4 i n  F i g u r e  1 3 ( a ) .  
( T h e  p o i n t  l a b e l e d  3' marks  the  nomina l  pos i t i on  o f  t he  th i rd  Purk in j e  
image  with 8 .6  d iopters   o f   accommodat ion ." )  
No te   t ha t   f rom  the   v i ewing   ang le   (Q .= l5O)  shown i n  F i g u r e  
1 3 ( a ) ,   t h e   t h i r d   P u r k i n j e   i m a g e   i n   t h e   u n a c c o m m o d a t e d  s t a t e  ( p o i n t  3)  
l i e s  c e n t e r e d  b e t w e e n  t h e  f i r s t  a n d  f o u r t h  P u r k i n j e  i m a g e s  ( l a b e l e d  1 
and 4 )  and is t h e r e f o r e   e a s i l y   b l o c k e d .   I n   f a c t ,   e v e n   w i t h   s t r o n g  
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a c c o m m o d a t i o n ,   t h e   t h i r d   i m a g e   r e m a i n s   f a i r l y   a c c u r a t e l y   c e n t e r e d .   T h e  
t o t a l  image  formed  by  the  viewing  system i s  shown i n  F i g u r e  1 3 ( b ) ,  w h e r e  
w e  see t h a t  (1) t h e  f i r s t  image is s l i g h t l y  l a r g e r  t h a n  t h e  f o u r t h ,  ( 2 )  
t he  images  a re  sepa ra t ed  by  abou t  2 mm ( c o r r e s p o n d i n g  t o  t h e  i n p u t  a n g l e  
of abou t   15 ' ) ,   and   (3 )   t he   images   a r e   o r i en ted  a t  a b o u t   4 5   d e g r e e s   t o  
e a c h  o t h e r  b e c a u s e  o f  t h e  e l e v a t i o n  o f  t h e  e y e  a x i s  a s  n o t e d  e a r l i e r  i n  
c o n n e c t i o n   w i t h   F i g u r e  10. The   t h i rd   image  i s  l a r g e r  e v e n  t h a n  t h e  f i r s t  
and is somewhat o u t   o f   f o c u s .   I f   a l l   a x e s  were c o p l a n a r ,   t h e   t h i r d   i m a g e  
wou ld  appea r  be tween  the  f i r s t  and  fou r th  images ,  bu t  aga in  because  o f  
t h e  v e r t i c a l  e l e v a t i o n  o f  t h e  e y e  t h e  t h i r d  image is  a l s o  d i s p l a c e d  
l a t e r a l l y   f r o m   t h e   l i n e   j o i n i n g   t h e   f i r s t   a n d   f o u r t h   i m a g e s .   S t o p s  A 
and A a r e  p l a c e d  a r o u n d  t h e  f i r s t  and f o u r t h   i m a g e s   t o   p r e v e n t  a s  much 
s t r a y  l i g h t  a s  p o s s i b l e  f r o m  r e a c h i n g  t h e  c o r r e s p o n d i n g  s p l i t - f i e l d  
p h o t o c e l l s .  
1 
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T h i s  s u m m a r i z e s  t h e  a d d i t i o n a l  c o n s t r a i n t  o n  a n g u l a r  s e p a r a -  
t i o n   b e t w e e n   t h e   i n p u t   a n d   o u t p u t   a x e s   n o t e d   e a r l i e r .  We s h o u l d   a l s o  
n o t e  t h e  p o s s i b i l i t y  of v i ewing   f rom  the   oppos i t e   s ide   o f   t he   i npu t  
a x i s ,  s o  t h a t  t h e  t h i r d  image is t o  t h e  s i d e  o f  b o t h  t h e  f i r s t  a n d  
f o u r t h  i m a g e s ,  a l t h o u g h  t h i s  p o s s i b i l i t y  h a s  n o t  b e e n  s t u d i e d  i n  d e t a i l .  
b .   S e n s i t i v i t y   t o   A x i a l   P o s i t i o n  
A pr imary   goa l  of t h e  d e s i g n  i s  t o  p r o v i d e  a n  i n s t r u m e n t  t h a t  
is i n s e n s i t i v e  t o  l a t e r a l ,  i . e . ,  t r a n s l a t i o n a l ,  movements  of  the e y e .  
However, i t  is e q u a l l y   i m p o r t a n t   t o   b e   i n s e n s i t i v e   t o   a x i a l  movements 
o f   t h e  e y e .  T h e   b a s i c   p r o b l e m   i n   a x i a l   s e n s i t i v i t y   c a n  be   seen   in   con-  
n e c t i o n  w i t h  F i g u r e  1 4 ( a ) ,  i n  which w e  assume  tha t  w e  have a s m a l l  i n p u t  
b u n d l e   o f   r a y s ,   r e s u l t i n g   f r o m  a s m a l l   h o l e   i n   i n p u t   s t o p  S . F o r  s i m -  
p l i c i t y ,  w e  a l s o  assume a s imple   c l am-she l l   a r r angemen t   fo r   t he  f i r s t  






FIGURE 14 EFFECTS OF AXIAL MOTION 
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i npu t   bund le   fo rms   po in t   Pu rk in j e   images  1 and 4, a s  shown, l i g h t  f r o m  
t h e  ( v i r t u a l )  f i r s t  i m a g e   b e i n g   r e f l e c t e d   f r o m   t h e   f r o n t   ( c o r n e a l )   s u r -  
f a c e  a n d  l i g h t  f r o m  t h e  ( r e a l )  f o u r t h  i m a g e   b e i n g   r e f l e c t e d   f r o m   t h e  
r e a r   s u r f a c e .   T h e s e   b u n d l e s   a r e   t h e n   f o c u s e d  by t h e   v i e w i n g  l ens .  
L e t  u s  see now t h e  e f f e c t  o f  a n  a x i a l  movement i n  e y e  p o s i t i o n .  
One f a c t  t o  b e  n o t e d  is t h a t  t h e  p o s i t i o n s  o f  t h e  i m a g e s  w i t h  respect t o  
t h e  e y e  w i l l  n o t  c h a n g e  i n  r e s p o n s e  t o  a x i a l  movement, b e c a u s e  t h e  i n p u t  
l i g h t  i s  c o l l i m a t e d .   T h u s ,   t h e   f i r s t   o b v i o u s   e f f e c t   o f   a x i a l   e y e  move- 
ment is  tha t   t he   r e fo rmed   images  1' and 4 '  t hemse lves  move a x i a l l y  i n  
s p a c e  a n d  t h e r e f o r e  w i l l  be o u t  of f o c u s  i n  t h e  v i e w i n g  p l a n e  V by an 
amount p r o p o r t i o n a l   t o   t h e   a c t u a l  movement.  Even  more i m p o r t a n t  i s  t h e  
s h i f t  i n  t h e  a n g l e  of   the   re turn   beams,   which   can   cause  a r e l a t i v e l y  
l a r g e  ( a p p a r e n t )  s h i f t  i n  s e p a r a t i o n  o f  t h e  two  defocused   images   in   the  
(ou t   o f   focus )   v i ewing   p l ane .   Such  a s h i f t  wou ld   be   i n to l e rab le ,  s ince  
the   sys t em  wou ld   i n t e rp re t  i t  a s   a n   e y e   r o t a t i o n .  To t r a c e   t h e   n a t u r e  
o f   t h i s   p rob lem,   a s sume   t ha t   t he   eye  moves a x i a l l y   t o w a r d   t h e   v i e w i n g  
l e n s   a s   i n   F i g u r e  14(b). I n   t h i s   c a s e ,   t h e   r e t n r n  beam f r o m   t h e   f r o n t  
m i r r o r  ( i . e . ,  t he   co rnea )   swings  t o  t h e  l e f t  (downward i n   t h e   f i g u r e )  
a n d  t h e  r e t u r n  beam f rom  the   r ea r   mi r ro r   swings  t o  t h e  r i g h t  u p w a r d  i n  
the   f i gu re ) .   The   amoun t  of a n g u l a r   s w i n g   c a n   b e   d e t e r m i n e d   a c c u r a t e l y ,  
though w e  show o n l y   a n   a p p r o x i m a t i o n   h e r e .   F o r  a change a i n  a x i a l  
p o s i t i o n ,  t h e  p o i n t  a t  w h i c h  t h e  c e n t e r  i n p u t  r a y  s t r i k e s  e a c h  r e s p e c -  
t i v e  m i r r o r  moves v e r t i c a l l y  by  an  amount  approximate ly  equal  to  A s i n  0 .  
S i n c e  t h e  a c t u a l  image p o i n t s   a r e   f i x e d   i n   e y e   s p a c e ,   a n d   t h e   m i r r o r  
s u r f a c e s  a r e  a d i s t a n c e  r / 2  f r o m  t h e  i m a g e  p o i n t s ,  t h i s  v e r t i c a l  move- 
ment r e s u l t s  i n  a n  a n g u l a r  s h i f t  o f  a p p r o x i m a t e l y  (Y = (A s i n  0 ) / ( r / 2 )  
r a d i a n s ;   o r ,  for A = 1 mm, r 7 mm ( ave rage   va lue   be tween  5.8 mm and 
7 .8  mm) , and 0 = 15O, t hen  (y = 4 O .  The  angular   change   be tween  the  two 
r e t u r n  beams i s  a c t u a l l y  twice t h i s  amount ,   s ince  one beam swings   t o  
t h e  l e f t  w h i l e  t h e  o t h e r  s w i n g s  t o  t h e  r i g h t .  
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A s  n o t e d  a b o v e ,  t h e s e  l a r g e  a n g u l a r  s w i n g s  o f  t h e  r e t u r n  b e a m s  
c o u l d  c h a n g e  t h e  e f f e c t i v e  s e p a r a t i o n  o f  d e f o c u s e d  images i n  t h e  v i e w i n g  
p l ane .   Th i s   p rob lem is s u b s t a n t i a l l y   e l i m i n a t e d ,   h o w e v e r ,  by i n c r e a s i n g  
t h e  s ize  o f  t he  inpu t  bund le  so  t h a t  t h e  r e t u r n  beam o f  l i g h t  f r o m  e a c h  
po in t   o f   t he   image  is l a r g e r   t h a n   t h e   v i e w i n g   l e n s ,  i .e . ,  so t h a t  t h e  
v i e w i n g   l e n s  is i t s e l f   t h e   l i m i t i n g   a p e r t u r e .   I n   t h i s  case, t h e   e f f e c -  
t i v e  s e p a r a t i o n  b e t w e e n  t h e  d e f o c u s e d  i m a g e s ,  w i t h  a x i a l  movement o f  t h e  
e y e ,   d e p e n d s   o n l y   o n   t h e   f o c a l   l e n g t h   o f   t h e   v i e w i n g   l e n s ,   a s   i n d i c a t e d  
i n   F i g u r e   1 4 ( c ) .   W i t h   l a r g e   r e t u r n  beams ( i . e . ,   w i t h  a l a r g e   a p e r t u r e  
S1), w e  h a v e   i n   f a c t   f o u n d  l i t t l e  i n t e r f e r e n c e   f r o m   a x i a l  movement 
a r t i f a c t .  
T h e  a c t u a l  r e l a t i o n  b e t w e e n  t h e  w i d t h  o f  t h e  i n p u t  beam 2W 
a n d  t h e  a n g u l a r  s i z e  o f  t h e  r e t u r n  beam is  shown i n  F i g u r e  15 f o r  r a d i i  
o f  c u r v a t u r e  5 . 8  mm and 7 .8  mm, c o r r e s p o n d i n g  t o  t h e  f o u r t h  a n d  f i r s t  
r e f l e c t i o n s ,   r e s p e c t i v e l y .   A c t u a l l y ,  i t  d o e s   n o t   a k e  a l a r g e   i n p u t  
beam w i d t h  t o  g e n e r a t e  r e l a t i v e l y  l a r g e  r e t u r n  c o n e s ,  a l t h o u g h  t o  e n s u r e  
t h a t  t h e  o u t p u t  l e n s  is  c o m p l e t e l y  f i l l e d  f o r  a l l  e y e  p o s i t i o n s  a l a r g e r  
ou tpu t   cone  is requ i r ed   t han   wou ld  be i n f e r r e d  s i m p l y  f r o m  t h e  e f f e c t i v e  
f -number   o f   the   ou tput   sys tem.   (The   re turn   cone   f rom  the   four th   image  
is a l s o  l i m i t e d  by t h e  e y e  p u p i l ,  a s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n . )  
I n  f a c t ,  t o  e n s u r e  c o m p l e t e  f i l l i n g  o f  t h e  o u t p u t  o p t i c a l  s y s t e m  under  
a l l  c o n d i t i o n s ,  w e  have  found i t  u s e f u l  t o  f l o o d  t h e  f r o n t  o f  t h e  e y e ,  
w h i c h  e x p l a i n s  why t h e  i n p u t  o p t i c s  were a r r a n g e d  so t h a t  t h e  image  of 
s t o p  S a t   t h e   e y e   w a s   a s   l a r g e   a s  1 2  mm. 
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c. E f f e c t   o f   t h e  E y e  P u p i l  
A l t h o u g h   t h e   l i g h t   f o r m i n g   t h e   f i r s t   P u r k i n j e   i m a g e  is re- 
f l e c t e d  f r o m  t h e  c o r n e a ,  l i g h t  f r o m  t h e  f o u r t h  i m a g e  is r e f l e c t e d  from 












FIGURE 15 RELATION  BETWEEN  THE  INPUT  BEAM  WIDTH  AND  THE 
ANGULAR  SPREAD OF THE  RETURN  BEAM 
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t h e   e y e .   ( L i g h t   i n   t h e   t h i r d   i m a g e  is s i m i l a r l y   l i m i t e d  by t h e   p u p i l . )  
T h i s   h a s  two e f f e c t s .   F i r s t ,  .e p u p i l  limits t h e   e f f e c t i v e   w i d t h  of 
t h e  i n p u t  beam, a s  i n d i c a t e d  i i l  F i g u r e  1 6 ( a ) ,  w h i c h  i n  t u r n  limits t h e  
e f f e c t i v e   a n g l e  of t h e   r e t u r n   c o n e .  Minimum p u p i l  s ize ,  a c c o r d i n g   t o  
t h i s  c o n s t r a i n t ,  d e p e n d s  t h e n  o n  t h e  r e q u i r e d  c o n e  s i z e  i n  t h e  r e t u r n  
beams,  which can be determined from Figure 15. 
a 
C 
(a) TO A  VISUAL  PATTERN 
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FIGURE 16 EFFECT OF REAL  PUPIL  ON  THE  FOURTH  PURKINJE  IMAGE 
Second ,   t he   pup i l   can   b lock   pa r t   o f   t he   image .   Fo r   t he   ang le  
fj of i npu t   r ays   d rawn   i n   F igu re   16 (a ) ,   t he   co r re spond ing   image   po in t  
l i es  n e a r   t h e   e d g e   o f   t h e   p u p i l .  A s  8 i n c r e a s e s ,   t h e  image p o i n t  moves 
c l o s e r   t o   t h e   p u p i l   u n t i l ,   b e y o n d  some c r i t i c a l   a n g l e  8 the   image   po in t  
would f a l l   b e h i n d   t h e   p u p i l   a n d   b e   c o m p l e t e l y   b l o c k e d .   F i g u r e   1 6 ( b )  
C Y  
shows   t he   r e l a t ionsh ip   be tween  8 and   pupi l   d iameter .   Thus ,  as t h e   p u p i l  
C 
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c l o s e s ,  t h e  e n d s  o f  t h e  f o u r t h  i m a g e  w o u l d  e v e n t u a l l y  b e g i n  t o  b e  c u t  
o f f .   T h i s  is n o t   t h e   c a s e   f o r   t h e   ( v i r t u a l )   f i r s t  image,  however,  which 
would  appear  superimposed  on  top of t h e  iris. 
I n  t h i s  i n s t r u m e n t ,  t h e  p u p i l  m u s t  a c t u a l l y  b e  l a r g e r  t h a n  
t h e  c r i t i c a l  m a g n i t u d e  n o t e d  a b o v e ,  s i n c e  i f  a n y  p o r t i o n  o f  i l l u m i n a t e d  
ir is  g e t s  i n t o  t h e  f i e l d  of e i t h e r  p h o t o c e l l ,  t h e  s e r v o  c a n  e a s i l y  g e t  
t r a p p e d   i n   a n   e r r o n e o u s   p o s i t i o n .   W i t h   t h e   p r e s e n t   f o r m   o f   t h e   i n s t r u -  
ment, w e  h a v e  f o u n d  n o  d i f f i c u l t y  so l o n g  a s  t h e  p u p i l  is a t  l e a s t  3 mm 
i n  d i a m e t e r .  
4. Summary 
A two-dimensional e y e  t r a c k e r  is d e s c r i b e d  t h a t  o p e r a t e s  on t h e  
f i r s t  a n d   f o u r t h   P u r k i n j e   r e f l e c t i o n s   f r o m   t h e   e y e .  The b a s i c  p r i n c i p l e  
o f  o p e r a t i o n  d e p e n d s  o n  t h e  f a c t  t h a t  t h e s e  t w o  r e f l e c t i o n s  move to-  
g e t h e r  u n d e r  e y e  t r a n s l a t i o n  a l t h o u g h  d i f f e r e n t l y  u n d e r  eye  r o t a t i o n .  
A s  a r e s u l t ,  t h e  i n s t r u m e n t  c a n  e a s i l y  d i s c r i m i n a t e  t r a n s l a t i o n  f r o m  
r o t a t i o n ,  w h i c h  is c r i t i c a l  f o r  a c h i e v i n g  a h igh   degree  of accuracy .  
The r e s u l t i n g  i n s t r u m e n t  h a s  a s e n s i t i v i t y  a n d  a c c u r a c y  on t h e  o r d e r  o f  
2 minutes   o f   a rc   over  a two-dimens iona l   f ie ld   be tween 5 and 10 degrees  
i n  d i a m e t e r .   T h e   b a s i c   p r i n c i p l e s   u n d e r l y i n g   t h e   f o r m a t i o n   a n d   d e v e l o p -  
ment   of   the   Purkinje   images i s  t r a c e d ,  a s  well a s  t h e  b a s i c  c o n f i g u r a -  
t i o n   o f   t h e   i n s t r u m e n t .   C e r t a i n   k e y   f e a t u r e s   i n   t h e   d e s i g n   a r e   a l s o  
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